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"This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Department of Energy, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, makes any 
warranty, express or implied, or assumes any legal liability or re- 
sponsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or pr-'cess disclosed, or represents 
that its use would not infringe privately owned rights . " 
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1. SUMMARY 

Springborn Laboratories is engaged in a study of evaluating poten- 
tially useful encapsulating m'terials for the encapsulation task of the 
Low-Cost Solar Array project (LSA) funded by the Department of Energy. 

The goal of this program is to identify, evaluate, and recommend encap- 
sulant materials (other than glass) and processes for the production of 
cost-effective, long-life photovaltaic solar modules. 

The report presents the results of an investigation rf solar module 
encapsulation systems applicable to the Low-Cost Solar Array project 1986 
cost and performance goals. The 1986 cost goal for a 20 year life solar 
cnll module is $0.50 per watt or $5 per square foot (in 1975 dollars). 

Out of this cost goal, $0.25 per square foot is currently allocated for 
the encapsulation in terms of raw materials, exclusive of labor. 

Assuming the flat-plate collector to be the most efficient module 
design, six basic construction elements were identified and their specific 
uses in module construction defined, in order to generate a comparative 
analysis, a uniform costing basis was established for each element. Ex- 
tensive surveys into commercialy available materials were then conducted 
in order to identify either general classes or specific products suitable 
for use for each construction element. 

The survey results were also useful in revealing price ranges for 
classes of materials and estimating the cost allocation for each element 
within the encapsulation cost goal. 

Due to the cost constraints, material deficiencies and development 
areas also became apparent. 

The six construction elements were considered to bo substrates, 
superstrates , pottants, adhesives, outer covers and back covers. Sub- 
strates and transparent superstrates are the structural or load-bearing 
components and will consequently be found in all module constructions . 
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From the first-cut material cost allocation based on $0.25 per 
square foot developed for the six construction elements, substrates were 
subsequently assessed to be approximately 60 percent of the encapsulation 
expense. A survey of four classes of candidate substrate materials - 
including ceramics, plastics, metals, and wood - singularly identifies 
wood and paper composites as the lowest costing materials for this appli- 
cation. A commercially available hardboard showed a calculated cost (at 
the required thickness) of $0.13-0.14 per square foot. 

Commercial soda-lime (window) glass is twice as expensive at $0.29/ 

2 

ft. and the lowest costing metal, mild steel, is three times the cost at 
2 

$0. 42/ft. . Plastic materials were the most expensive class surveyed, 

2 

the lowest prices at $0.52 to $0. 55/ft. for styrene-maleic copolymer and 

mineral filled polypropylene compounds. The next price level was found 

around $1. 00/ft. ^ for filled polyethylene and PVC compounds, then ranging 
2 

to $4. 08/ft. for NEMA G- 10 epoxy board, a popularly used substrate. No 

ceramic or inorganic materials, except for glass were found to be suitable 

candidate substrates at this time due to cost and poor weatherability. 

For superstrates, a flat transparent acrylic plate is a widely considered 

2 

choice, however the high cost of $1. 77/ft. at the required thickness 
makes it unusable. Glass is still the most viable transparent and structural 
material for superstrate bonded cell constructions. 

Pottants are the second most important construction element, demanding 
an estimated 25% of the materials allocation. Silicones, fluorocarbons and 
acrylics are the only inherently weatherable polymers discovered to date. 

Fluorocarbons and silicone products are too expensive ($9-12/lb.) for use; 
however, and fluorocarbon polymers are processable only at prohibitively 

high temperatures (600°F) . The silicone rubbers are easy to use (pour and 

2 

cure) but the calculated encapsulation cost is $0. 48/ft. (RTU-615) . A 

silicone gel, Q3-6527 is available at $3. 75/lb. but still costs out to 
2 

$0. 18/ft. . This material is also extremely soft and offers no structural 
strength. The high modulus cover required for its use would constitute 
an additional expense. Only the aery, Lcs offer relatively low cost, high 
weatherability and the potential for appropriate processing techniques. 

No commercially available pourable or processable acrylic elastomers that 
could be use as pottants have yet been found; however, research indicates 
that they are developable from low-cost acrylic monomers at an estimated 
cost of $1.40 to $1. 50/lb. 

1-2 


m 








iiiin i V 




O 






A nvuober of commercially available transparent polymers ranging from $.30 
to $1. 60/lb. with suitable processing characteristics have been identified. 

Of major interest currently are ethylene-vinyl acetate, ethylene-propylene 
rubber, polyvinyl chloride plastisol and modifications of acrylic hot-melt 
compounds. These polymers, except for acrylic, all have a common weathering 
deficiency-sensitivity to UV oxidative degradation. Compounding or coating 
with vehicals containing UV stabilizers may alleviate this difficulty and 
result in viable, cost-effective candidates. The encapsulation costs of 
these materials are estimated to be $0. 06/ft. ). 

As protective covers (i.e., outer coatings and under coatings), 
the acrylics are excellent candidates - presenting low cost, a variety 
of application techniques, outdoor durability, and compatibility with 
ultraviolet light screening agents. 

This class of plastics was given particular attention due to its 
versatility and many grades were surveyed for use as various construction 
elements. 

Low-cost coatings to screen out deleterious ultraviolet light from 

2 

UV sensitive pottants were investigated, at costs of approximate $. 01/ft. . 
One-mil coatings of acrylic resin containing UV absorbers were prepared in 
the laboratory and found in several cases to have zero percent ultraviolet 
transmittance. Experiments with exposing coated specimens of polypropylene 
to ultraviolet radiation demonstrated fifteen-fold increases in the re- 
sistance to degradation. These coatings may permit the use of low-cost, 
UV-unstable materials as encapsulants if enough protection can be provided. 

A study was also conducted on upgrading selected pott?,nt materials 
with internally compounded stabilizers to impart better stability to optical 
and mechanical characteristics upon weathering. The task was successful 
in the case of optical properties, but tensile strength and elongation were 
much lower than the control values both before and aging. Celulose acetate 
butyrate was the most conspicuous success. Aged specimens that had previously 
melted and/or degraded to the point of destruction remained intact. Although 
this polymer will not be recommended as a pottant, it serves to demonstrate 
the feasability of this approach. 
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•This report emphasizes surveys of encapsulant materials; however, 
some studies of potentially useful processing methods were also pursued. 

The plasma-spray process of applying conformal coatings received 
attention due to its potential for high speed automatic array processing, 
but it proved to be unsuccessful in laboratory trials on miniature modules. 

In order to demonstrate the utility and processability of various 
encapsulant materials identified in this study, prototype modules were 
built and submitted to JPL for qualification testing. The materials of 
construction included flakeboard, hardboard, galvanized steel, and ply- 
wood as substrates and the following pottants; ethylene-propylene rubber, 
ethylene-vinyl acetate, acrylic hot-melt adhesive, and polyvinyl chloride 
plastisol . 

Due to the increasing importauice of wood and paper products for 
substrates, an investigation of waterproofing and preservation techniques 
are needed to optimize the useful life of these products. Mechanical 
engineering will also be required to generate high strength to weight 
designs to increase the cost-effectiveness of load-bearing structures. 

The recently identified transparent pottants lie within tha .'"e- 
quired processing and cost requirements, however the methodologies for 
upgrading the UV and weathering resistance need expanded investigation. 
These two areas of substrate design and UV upcrrading are envisioned to 
be major technology developments required towards the successful use of 
low cost materials for the LSA program. 

Based on data obtained so far on material options, development 
directions, and design concepts, the realization of t.he $0.25 per square 
foot cost goal appears to be attainable, however the lifetime of these 
systems needs to be demonstrated. 
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2 . INTRODUCTION | 

The goal of this program is to identify and evaluate excapsulation | 

materials and processes for the protection of silicon solar cells for I 

service in a terrestrial environment. I 

I 

Encapsulation systems are being investigated consistent with the ■ 

DoE objectives of achieving a photovoltaic flat-plate module or con- 

, 2 

centrator array at a manufactured cost of $0.50 per peak watt ($5/ft ) 

(1975 dollars), with a projected first year production rate of 500 peak 
megawatts. This project has a target date of 1986. 

To insure high reliability , nd long-term performance, the functional 
components of the solar cell module must be adequately protected from the 
environment by some encapsulation technique. The potentially harmful 
elements to module fxinctioning include moisture, ultraviolet radiation, 
heat build-up, thermal excursions, dust, hail, and atmospheric pollutants. 

Additionally, the encapsulation system must provide mechanical support for 
the cells and corrosion protection for the electrical components. 

Module design must be based on the use of appropriate construction 
materials and design parameters necessary to meet the field operating 
requirements, and to maximize cost/performance. 

The materials cost for encapsulating a 1986 module was targeted at 

2 

25 cents per square foot, (or $8/meter , including frame) with the en- 
capsulation system providing protection to assure outdoor system per- 
formance for at least 20 years. Successful system performance was defined 
as a decay in electrical power output not exceeding 50 percent of original 
value. 

Assuming the flat-plate collector to be the most efficient design, 
nine different basic design variations have been considered (Figure 3-1) 
from which three primary types may be envisioned: 
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Substrate Bonded: cells bonded to rigid 

svbstrate with transparent pottamt and 
top cover. 

. Superstrata Bonded: Cells bonded to under- 

side of tramsparent superstrata with optional 
top cover and with back side pottant and 
optional back cover. 

. Laminated; rigid single transparent laminating 
encapsulant with optional top cover. 

All modules are variations of one of these three types and in addition 
employ one or more of six recognizable construction elements. 

These elements are (a) outer covers, (b) ■'tructural and trans- 
parent superstrata materials, v'c) pottants, (d) substrates, (e) back 
covers, and (f) adhesives. 

Extensive surveys are being conducted into many classes of materials 
in order to identify a compound or class of compounds optimum for use as 
each construction element. Properties being considered are cost, trans- 
parency weatherability, and applicability of processing. Additional 
critical properties include dielectric strength, reflectivity and heat 
transfer characteristics. 

The results of these surveys are also usef . in generating first- 
cut cost allocations for each construction element, which are estimated 
to be: 


Construction Elements 

Cost 

Allocation 

($/Ft2) 

Substrate/Superstrate 

0.14 

Pottant 

0.06 

Adhesive 

0.04 

Outer cover 

0.01 

Back cover 

0.05 
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These figures reveal the most exper. dve cost elements to be sub- 
strate materials and pottants - and consequai;t,iy they are also the ele- 
ments demanding the most emphasis and study. The terms substrate and 
superstrata refer to the method of mechanical support used for th>-. cells. 
Substrates support the underside of the cells; superstrates carry the 
cells on the sunlit side, and are consequently transparent. Because 
the silicon cells are extremely brittle ar-"’ crack on flexing, mounting to 
a rigid and load-bearing surface is a req’iirement for all solar cell 
modules . 

Pottants are conceived as low-modulus, transparent coverings over 
the cells, providing mechanical and environmental protection and electrical 
isolation. Potting compounds must also have certain processing conditions; 
being fabricable below the melt temperature of the cell metalization and 
not causing cell fracture. 

This report presents the rasults to date of an -'ngoing study of 
potentially useful substrate materials and potting compounds. The cost- 
effectiveness of these materials is compared from the findings of a uniform 
costing exerciS!.' based on density, cost per pound and thicknesses required 
for realistic use. A survey was also included of many varieties of com- 
mercially available acrylic compounds. These products are very versatile 
and may possibly have use ‘ r any one of the construction elements. 

Expr 'imental activitier of the past year are also presented md are 
concerned principally with the i''provement of material properties e: \ an 
exploration of techniques useful for successful module fabrication. 

An important task was the investigation of ultraviolet I: ght stabil- 
izers, antioxidants, fillers, and other techniques to improve the wea- 
therability and to extend the environmental life of materials having low 
UV resistance. Through the use of these processes, otherwise unweather- 
able materials may become cost-ef fective candidates in the LSA program. 
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Candidate pottants and outer covers have been exposed to environ- 
mental weathering in Florida and Arizona and additionally to EMMAQUA 
(Desert Sunshine Exposure Tests, Inc.) to observe the effects of natural 
and accelerated outdoor aging. The materials were e:q)Osed as tensile bars 
in order to cussess the deterioration of physical properties with time and 
ei^sure. A base of real experience with degradation, material failure and 
accelerated aging results from the work. 

Prototype cell modules were encapsulated with combinations of 
materials identified in the surveys as exhibiting promising properties 
and have been submitted to JPL for qualification testing. It is anticipated 
that specific problems relating to encapsulation matericLIs, costs, and 
processes will result from this study. 
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3. SURVEYS 


The division of flat plate solar collectors into basic construction 
eluents provides an improved approach for the successful selection of 
potentially useful materials. These construction elonents are considered 
to be pottants, outer covers, back covers, adhesives, substrates and super 
strates. 

Surveys of materials were conducted by defining the functions and 
desired material properties of these components and then investigating 
commercial suppliers for the most likely candidates. Information was 
drawn from a wide variety of sources including company brochures, 
manufacturers' recommendations, marketing department, plastics catalogs, 
telephone calls to suppliers and internal experience. The results are 
presented in tabulated form (Appendix) and include comparative figures 
on cost and physical properties. 

Particular emphasis was given to substrates and pottants with 
rationalle that these two components will be found in all module designs 
and also constitute the major portion of the raw material expense. 

Acrylic compounds also received particular attention due to their 
potential use for a number of construction elements. This section 
presents an accumulation of the material surveys conducted to date and 
an overview of the underlying design and function concepts. The 
n... orials' pricey quoted in this report were current during the period 
from October 1977 to February 1978. 

A discussion of each construction element follows: 



POTTANTS 




without protection from ultraviolet, the classes of candidate 
potting materials are limited to fluorocarb- ■ silicones, euid acrylics. 
The first two are extremely expensive and, in he case of fluorocarbons, 
entirely unprocessable without prohibitively high tonperatures . 

The silicone rubbers have excellent processing characteristics, 
being pourable and amenable to cure at room temperature, but the cost 
of $8 - 9/lb. may easily exclude them from use. The many acirylic com- 
pounds available have desiradaly low prices but to date no commercial 
products exist in an elastomeric or usable form from directly encapsulat- 
ing cells. 

The possibility of developing weatherable and UV screening 
protective films emd coatings permits a much broader rcinge of polymers 
to be considered for potting applications. It may be possible to use 
a cost-effective but otherwise unweatherable polymer successfully as a 
pottant provided that sufficient external protection is supplied. With 
this idea in oiind and in the interest of thoroughness, all commercially 
available transparent polymers were surveyed and tabulated (Tables 3-1 
through 3-4) - see Appendix. The four survey tables were constructed 
according to price range, the ranges being: under $0.50 per pound (3-1), 

$0.50 to $1.00 per pound (3-2), $1.00 to $4.00 per pound (3-3), and 
polymers costing in excess of $4.00 per pound (3-4). The tables are set 
up to include in the first section a description of the polymer - i.e., 
its generic chemical type, at least one of its trade names, and the 
manufacturer. A given polymer is often available through many other 
producers, but for the sake of convenience only one has been listed. 

The polymers surveyed encompassed a great variation in physical 
properties and chemistry and included such materials as the following: 
polyvinyl chloride, polystyrene, polyethylene, polyesters, ionomer, poly- 
amides, cellulosics, urethanes, silicones, etc. 
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The following section of the table then describes processeibilitv as 
being either in liquid or solid form. Liquid signifies a casting process. 

In the solid rlass, the fabrication temperature is shown as either less 
than (<) or greater than (>) 250*^ (a few are at 2S0°F) . It is essential 
that the fabrication (extrusion, compression molding, injection molding, 
thermofozming) temperature be below 350*’F to avoid melting the solder and 
to avoid the need for high forming pressures that would crack the brittle 
silicon cell. The 250’’F temperature is an approximation and should allow 
a sufficient safety factor. 

In the central portion of the table is a column showing the survival 
prognosis; this involves the survival span in years of unprotected materi- 
als. In the next column is shown an upgrading potential in years of com- 
pletely protected polymers. By complete protection we imply a high level 
of an internal UV additive synergistic system and a film or coating con- 
taining a high level of UV absorber to screen out the impinging UV light. 

All of these figures are educated opinions, based on experience with related 
materials since this type of specific information is rarely available. The 
years predicted for the virgin polymer are given in ranges and those for the 
protected polymer as Pair (F) or Good (G) at 10 and 20 years of lifetime. 

The following portion of the table contains literature info' *tion on 
properties - hydrolysis resistance (educated opinion) , tensile modulus, re- 
fractive index, density, and coefficient of thermal expansion. We chose 
what we considered to be the most important properties. Stiffness (modu- 
lus) is critical to fabrication; if there is too much stiffness, the poly- 
mer would require such a high pressure to be feibricated that it would crack 
the cell. In addition, a soft, rubbery plastic appears to be necessary 
to cd}sorb stress generated by the difference in coefficient of thermal 
expansion between inorganic silicon and an organic polymer. 

The final (extreme right) portion of the table covers costing in terms 
of cost per pound, cost per volume as $/cubic inch, fill (space between 
cells) cost as $/square foot, and the cost for an additional 5-mil (0.005 
inch) protective covering for the cell. The fill cost is calculated as- 





sumlng the cells are 10 mils thick astride a 5-mil glue line (for a total 
of 15 mils thickness) and that the void space requiring pottant is 31 
volume percent. The total encapsulant cost is the sum of the fill and 
the cover costs. 

7iese arbitrary fill and coverage conditions were selected to pro- 
vide a uniform pottant costing basis for comparative 2 inalysis, and it is 
reccgn..zed that design variations such as decreases in cell and glue line 
thicknesses* pottant thicknesses* increased cell packing density* etc.* 
will influence material cost. The total encapsulant costs appearing 
in Tab' es 3-1 through 3-4 provides a degree of general information 
regeuti.ng transparent materials; 40 percent of these cost less than $0.03 
per square foot and 50 percent cost less than $0.05 per square foot. 

Among the 50 percent of the surveyed materials which fall within the 
cost rcinge of $0.01 to $0.05 per square foot, no transparent material 
which could survive unprotected for 20 years outdoors has been identified. 

The lowest costing commercial transparent material which could have 
imm£!diate candidacy for LSA is the silicone gel (Q3-6527 , Dow Coming) * 
comLining high transparency, processability and OV stedjility. This 
polyner costs out at $0.18 per square foot. 

Currently existing weatherable fluorocarbon amd silicone products are 

2 

high-priced ($0.44 - 2.00/ft. ), but acrylics will become viable candidates 
if suitable elastomeric products can be developed. Castable acrylic 
elastomers are estimated at a cost of $0.06 to $0.07 per square foot. 

A condensation c.! the list of transparent polymers into a small group 
of materials appe. j in Table 3-5 (Appendix); these materials are, or at 
least have the .otential of being, easily processable. This teible is 
divided into two groups: those polymers that can be cast and those that 

are fab cable below approximately 250*’F. Only those polymers are included 
in this t’.able whose all-around properties offer chance of success. By this 
i.? meant r 




a. The price must be reasonable. 

b. Stiffness/modulus must be relatively low. 

c. The polymer must be processedile. 

d. There must be a rea: onable possibility that the polymer 
can be upgraded to last 10 years and hopefully 20 years 
through internal (stabilizers) and external (coatings) 
protection. 

e. The polymer must have reasonable physical properties. 

This rules out* for example, the inexpensive but brit> 
tie hydrocarbons from Neville Chemical. 

f . The polymer sheet must be transparent. 

The principal exan^le of casting resin is the presently used 

silicone. The silicones have the obvious disadvemtage of price ($0.2- 
2 

0. 40/ft. ) . Cast acirylics are much lower in cost, but much too high in 
modulus. Care must be taken to select a casting resin that is flexible - 

1. e., one having a relatively low modulus - to provide stress relief 
because of the difference in coefficient of thermal expansions between 
silicon and polymer. Mismatch of thermal expansions between cell and 
pottant is an unavoidcible problem that can only be overcome with the 
use of soft materials. As Table 3-6 shows, polymers have ten to 100 
times the expansion coefficients of silicon. Thermal excursions are also 
obviously unavoidable as the module cycles between day and night ex- 
posures. The system must be designed to "give" as stress differentials 
appear . 

Tne only pourable casting materials presently being considered 
for experimental module construction are polyvinyl chloride ,plastisol 
and a modified acrylic hot melt adhesive. 

The solid, low-melting ethylene copolymers (ethylene/vinyl acetate; 
ethylene/propylene rubber) shown are not stable to UV; but with both 
internal compounding protection and external screening, they offer 
the possibility of a long-term encapsulant. Additionally, it is felt 
that these polymers offer wide latitude in the types of processing 
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techniques (i.e., injection molding, compression molding, hot melt 
coating, vacuum lamination, etc.) that may be enqjloyed for their 
successful use. Table 3-5 is a first-cut effort at suggesting low- 
cost, vi 2 d)le cemdidate pottants for 1986. The average prior of 
materials in this table is 2 dx)ut $0.04 per square foot. It is re- 
cognized that the viability of these polymers remains to be de Dnstrated 
and their successful use will be dependent on the efficiency of pro- 
tective films and/or internal stabilizers. 


OUTER COVERS 

As discussed in the previous section, soft elastomeric pottants 
are necessary to prevent cracking of silicon cells due to thermal ex- 
pansion differences. Such soft materials are prone to soiling auid dust 
retention, however, \diich reduces the light trEuismission and impairs 
cell efficiency. Hard coatings are therefore necessary to avoid this 
problem. 

In current module designs, outer covers are already serving as 
soil and mar resistant coatings over lower modulus pottants which are 
susceptible to permanent retention of dust and dirt. An example of 
this usage is R4-3117 (Dow-Coming) coating over soft silicone rulsber 
potteuits. Coatings of several mils thiclcness with moduli greater than 
20,000 psi appear to be adequate for this purpose. 

An additional function for coatings is anticipated; that of UV 
screening to provide weathering stability to the underlying pottant. 
Examination of Tables 3-1 through 3-5 reveals that no low-cost, in- 
herently weatherable transparent polymers useful as pottants exist. 
Acrylics are an exception to this observation, being intermediate in 
price; however, no usable (low modulus) forms exist. 

Low-cost elastomeric pottants which are UV sensitive may become 
viable if sufficient protection can be provided by the outer cover or 
coating. 


O 







Polymers degrade upon exposure to weathering with loss of optical 
tremsparency and deterioration of physical properties such as tensile 
strength emd elongation. The primary chemical modes of weathering are: 

1. Hydrolysis (chemical reactions with water) 

2 . Thermal oxidation 

3. Ultraviolet light absorption 

a. UV photolysis 

b. OV photo-oxidation 

c. UV synergised hydrolysis 

NO polymer coatings can be formulated to provide protection from the 
first two modes. All polymers are trananissive to water vapor and oxygen, 
the only variation being that of diffusivity or rate of permeation. 
Elastomeric materials that are very sensitive to hydrolysis or thermal 
oxidation cannot be considered as useful candidates because them is no 
way to protect them. 

Polymers sensitive only to UV reactions are a possibility, however. 
Experiments at Springbom Laboratories have demonstrated the possibility 
of compounding UV absorbers into acrylic films so that all ultraviolet is 
cut out (see Table 4-3) . Coatings of these films over UV-sensitive poly- 
mers should prevent degradation reactions from occurring, or slow the 
process down to an acceptable rate. 

By the nature of its position on the surface of the module, the outer 
cover must in itself have high weatherability in addition to serving as a 
vehicle for UV absorbers. Four inherently weatherable transparent materi- 
als have been identified to date: glass, fluorocarbons, silicones, and 

acrylics. All four are potentially useful UV-absorbing vehicles; however 
economic constraints also become evident upon basic cost analysis. The 
following list is a comparison of potentially useful outer covers: 
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Estimated 

Material 

Type 

$ /Pound 

Array Cost 
($/Ft^) 

R4-3117 

Silicone 

9.735 

(solids) 

0.12 

Tedlar-UT^®* 

Fluorocarbon 

5.75 

0.09 

Glass 

Glass 

- 

0.30 

FEP 

Fluorocarbon 

11.00 

0.24 

Llumar^®^ 

Polyester (special) 

- 

0.22 

Acryloid B82 

Acrylic 

1.02 

0.01 


(a) contains 13V absorbers 

The only coatings that are comfortaibly tolerated by the 1986 materi- 

2 

als cost goal of $0. 25/ft are the acrylics and perhaps thin glass. Fortu- 
nately there exists an enormous niunber of these acr^'lic products available 
i:i brushedile and sprayable forms such as latex (water-eir .sion based) and 
solution grades (solvent based) that may serve as UV screening vehicles. 
Rohm & Haas Company, the primary manufacturer of these acrylics, has 
exposed coatings to more than twelve years of outdoor weathering without 
any visible evidence of deterioration ^ . Experiments at Springborn 
Latxjratories with acrx-lic coatings show equally successful performance. 

A possible problem foreseeable at this time is the leaching or exu- 
dation of UV absorbers and stabilizers, with subsequent reduction of the 
protective properties of the outer cover. Industrial development is cur- 
rently under way in the areas of polymeric antioxidants and UV eibsorbers. 
These compounds should demonstrate extremely low extractability due to 
their high molecular weights. Another approach is to synthesize additives 
containing copolymerizable vinyl groups that chemically become part of 


(1) Rohm & Haas, "Thermoplastic Acrylics-Exposure Series 57YY" 
Memo 51-1243; May 14, 1969; Quoted by Permission. 
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the polymer matrix. An example jf this concept is a UV absorber called 
Permasorb-MA (National Starch and Chemical Corporation) vdiich may be 
polymerized with emy addition-type monomers, such as acrylics and vinyl 
based confounds. 

One-mil thick fluorocarbon euid silicone films are still viewed as 
too expensive for 1986, but are not being eliminated from consideration. 
DuPont's UV absorbing film designated Tedlar UT costs $0,048 per square 
foot per mil, (based on the 5-mil thickness) and may be permissible for 
use if other construction elements are of sufficiently low cost. 

The development of highly efficient and cost-effective UV screen- 
ing coatings is currently viewed as an important technology area for LSA, 
and may be instrumental in achieving the required cost goals. 

BACK COVERS 

Back covers are special construction elements used only in super- 
strate bonded module designs. In this type of constiruction the sunlit 
sides of the solar cells are bonded (with transparent cement) to the clear 
superstrata, and the backsides remain to be protected. This cover, or 
combination of covers, must basically provide electrical and corrosion 
protection and have the property of stress relief (low modulus) . 

This element may consist of a single conformal coating or a combina- 
tion of pottant and film overlay. Any of the films, coatings, and pot- 
tants previously discussed in this section may be used for this element, 
but with the additional advantage that clarity is not a requirement. This 
permits low-cost polymers to be used with stabilizing fillers such as carbon 
black and iron oxides; and extenders (to reduce cost) such as clay, talc, 
and wood flour. Although carbon black is a highly efficient stabilizer, 
its use might be precluded by heat buildup resulting from its high solar 
absorption. An alternative approach is to use zinc oxide or titanium oxide 
which are white in color and highly reflective. Suitable candidates should 
appear from already identified polymers costing approximately $0.05 per 
square foot. 







The most cost-effective superstrate, soda-lime glass, now costs 
approximately $0.30 per square foot. The outstanding weatherability 
of glass and the possibility of reduced production costs keep this as 
a material of interest. 

To date, this construction eleanent has received only minor 
attention. 

ADHESIVES 

Adhesives may prove to be important components in the manufacture 
of solar cell modules. Some mechanism must provide for the high-reliatbility 
fastening or attachment of the other construction components to each other. 

Various necessary properties of adhesives may be assumed, the first 
being flexibility. It is highly unlikely that an exact match in the co- 
efficients of thermal expansion between two construction elements will 
occur, consequently the adhesive must demonstrate some stress relief 
ability. The stress cycling from thousands of thermal excursions during 
the life of the module must be provided for and is particularly necessary 
in the use of adhesives bonding the cells to the substrate or pottant, 

Silicon has a very different expansion coefficient from organic 
materials and consequently constitutes an area requiring high stress 
relief. Experiments at Springborn Laboratories have shown that solar 
cells bonded with very high modulus epoxy and acrylic adhesives fractured 
after a small number of thermal cycles. 

Additionally, transparency is a requirement where components are 
being bonded above the cell surface. Between cell and substrate an 
opaque glue may be used. 

Weathering effects are reduced as the adhesives reside on the interior 
of the module and are not directly in contact with the environment. Some 
protection from UV degradation should be conferred from the presence of 
the outer coating, however, materials demonstrating notable sensitivity 
to this condition should be avoided. Adhesives sensitive to hydrolysis 

or water solubility should also be avoided due to the diffusion of water 
vapor which cannot be prevented. 




Adhesives are commercially available in many forms and are formulated 
for an enormous variety of end uses. For the rapid and automated produc- 
tion of solar cell modules, some constraints may be suggested: 

(a) No volatile by-products may be generated during processing, 
curing, or during service. 

(b) All adhesives must be low in modulus, be compliant, or be able to 
accommodate stress relief. 

(c) Adhesives used above cell surfaces must have high transparency. 

(d) Adhesives must be readily processable and applicable to module 
surfaces. 

The adhesives industries are currently in the process of developing 
non-gassing, rapid-cure systems for high-volume automated production in 
industries such as automotive and aircraft. Second-generation acrylic 
adhesives are a typical example of this class (see the following section 
on "Acrylic Materials"), and may be well suited to solar module fabrica- 
tion. An additional desirable feature of these compounds is that they cure 
by polymerization and have the ability to chemically react with the mating 
surfaces (provided abs tractable hydrogens or vinyl bonds are available) , 
generating a strong permanent bond. 

A first-cut estimate of adhesive costs was generated by pricing out 
some conventionally used adhesives and calculating the cost per square foot 
based on a 5-mil glue line. Table 3-7 lists five commercial adhesives, two 
epoxies, and three silicones - showing the cost per square foot for 5-ir.il 
glue lines. The silicone adhesives price out from $0.09 to $0.10 per square 
foot, the epoxy adhesives price out at a little over $0.03 per square foot; 
the acrylic adhesives price out at about $0,008 to $0.02 per square foot. 

These compounds are representative only and do not constitute recom- 
mendations. Extensive surveys of commercial adhesives with specific ap- 
plication to the encapsulation task are being conducted presently. 

Constriactions are foreseeable which would use no adhesives. These 
modules would employ crosslinkable pottants that would chemically bond to 
both substrate and cover film during the cure cycle. In the interest of 
speed, reducing the number of construction elements, and lowering the cost, 
this would be a preferred approach. 
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ACRYLIC MATERIALS SURVEY 


At the onset of this program, Springbom Laboratories identified 
four classes of transparent weathereible materials: glass, silicones, 

fluorocarbons, and acrylics. 

Of these four materials, acrylics alone stand out as having the 
most favorable cost/perfoimumce characteristics. Commercial acrylic 
polymers average $0.80 to $1.50 per pounu (molding grade), have high 
optical clarity, good weatherability and a wide range of processing 
requirements. A multitude of grades are also available with potential 
for use as adhesives, pottemts, back covers and top coatings in the 
construction of solar modules. 

Although glass is low in cost (approximately $0.25 per pour 
or 29 cents per square foot at 90 mils) , its prc .essing characteriatics 
demand high fabrication temperatures and its effective use is limited 
to that of a superstrata. Fluorocarbon polymers such as Teflon-FEP 
(DuPont) also have unusually hign processing temperatures, and their 
price range of $6 to $20 per pound madces them prohibitively expensive 
for use as a major construction element. Clear silicone elastomers are 
easily used pottants but are also expensive at $9 per pound. Filling 
the void between the cells and adding a 0.05-inch covering calculates out 
to approximately $0.25 per square foot, or the entire 1986 raw materials 
allocation. Using the same module design for comparative cost purpose j, 
the equivalent encapsulation cost comes to approximately $0,08 per square 
foot for an acrylic-based potting compound. 

Acrylic polymers are a broad range of plastics covering a wide 
variety of properties, available forms, and uses. They are marketed 
in both thermoplastic and thermoset forms - a= molding pellets, fine 
powders, solvent-based coatings, emulsion-based coatings, cast sheet, 
and adhesive materials. The most outstanding characteristic of acrylic 
plastics is that they are tl.e only class of pol^-meric compounds that are 


relatively low in cost and have high inherent weatherability. They are 
transparent to natural sunlight (have low ed}$orbtion o£-ultraviolet 
radiation within these wavelengths) and maintain physical strength and 
light transmittance properties after years of exp*, re to weather, salt 
spray, and mildly corrosive atmospheres. Outdoor exposure tests on 
transparent, unpigmented samples of homopolymer show average transmission 
losses of about 1 percent over a p..riod of five years. 

The major constituent of most commercial acrylic plastics is poly- 
methyl methacrylate. Unmodified acrylics are transparent and extremely 
stable against discoloration. They e^diiblt good dimensional stability and 
offer desir 2 d>le structural and thermal properties. They also demonstrate 
good resistance to weather, breakage, and chemicals, and are light in 
weight. 

Modified acrylics are available for applications requiring ironrove- 
ments in specific properties, such as toughness; are amenable to varia- 
tions in copolymer composition; and can be blended with impact modifiers, 
reinforcing fillers, and other polymers. (In contrast to other plastics, 
acrylics will frequently show a loss in durability with the incorporation 
of a pigment; the additional surface area provided by a pigment provides 
sites for water and sunlight to initiate degradation by free-radical 
formation . ) 

Colorless acrylic stock has a white light transmittance of 92 percent 
and an average haze value of 1 percent; consequently, it is an excellent 
contender for applicati 3 where high transparency is required. 

The hardness of thermoplastic acrylic polymers may be controlled by 
the selection of monomers used in the polymerization process. Properties 
ranging from tacky high-viscosity fluids to hard, brittle ma* trials may 
be obtained. An alternate way to improve hardness and toughness is to in- 
troduce a crosslinking mechanism and cause the polymer to thermoset. 
Crosslinking increases room-temperature hardness and produces a polymer 
that demonstrates a toughness o”-'r a ver^’ broad temperature nnge. Cross- 
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linking also inprovds solvent resistance and prevents the polymer from 
creeling under heat and load conditions . 

terylic parts ndiibit good dimensional stability within their useful 
tonperature ranges; however, some deformation may occur at temperatures 
slightly below the softming point (usually arcmnd 250^F) . Defozmaticwi 
from solar heat al^rption (Plexiglas windotra) has not been observed. 

As with mc^t unfill^ plastics, the acrylics have relatively large 
Goefficimuts of thermal e^^ansion (6-10 in./in. x 10 ), and conse- 
qumtly provisions must be siade for expansion differentials - especially 
with thick pa.ts or vide temperature ranges. 

Transparent acrylic coatings may serve as vdiicles for ultraviolet 
screening agents and serve as protective coverings for other materials. 
Rec«it developsiuits at Springfaom Laboratories have dmuxistrated the via- 
bility of this approadi. High levels of screening agents (e.g., Tinnvin- 
P, 5 percent by wei^t) have been incorporated into solvent-based acrylic 
lacquers (e.g., Acryloid B-83, Rolm & Haas) to yield coatings that have 
a zero perccmt Integrated total ultraviolet transmittance in films only 
1 mil thick. BxperimfHits in retarding the degradation rate of polypropyl- 
ene with these coatings are proving the efficacy of this approach. Addi- 
tionally, unsupported films of these coatings are also being e;^sed to 
accelerated aging conditions. Cost effectiveness is suggested from a 
calculated cost of approximately 1 cent per mpuure foot per mil. 

Acrylic polymers are produced in memy forms to serve a multitude of 
functions. A survey performed by Springbom Laboratories has identified 
and tabulated the following conraercially available trzuisparent forms: 


;lic Moldino 


3unds - Table 3-8 


These acrylic molding compounds are resins usually occur- 
ring in pellet form and are designed for extrusion, conpression, 
or injection molding. A multitude of grades are available, vary- 
ing in melt flow, impact resistance, toughness, etc. 




these ooogpoands are Banufactured in liquid form and are 
desiqned for rooor>t«n{ieratare casting with subsequont caring at 
elevated tanperatures. the^ are usually mixtures of polymer and 
monomer (botii methyl methacrylate based) blended to form a medium- 
viscosity* clear liquid, nie "syrup” is mixed with a free-radical 
initiator prior to use and is deaerated before casting into the 
desired mold. Care times are typically from one to several hours. 

C. Solvent-Based Acrylic Coatings - Table 3-10 

these are polymers formulated especially for filmrforming 
ability and solvent compatibility. Grades vary according to sol- 
vent composition, percent solids, surface heurdness, and glass 
transition tenperature. 

Since polymers with overly high molecular flights provide 
solutions of low solids content and unworicably high viscosities, 
an alternate solution is to introduce crosslinking to <d3tain im- 
proved properties. The advantages offered over thermoplastics 
in this approach are: 

. Isproved toufl^ess and hardness 
. Resistance to softening at higher temperatures 
. Better resistance to solvents and cnisture 
. Lower solution viscosity and higher application 
solids 


. Better ccmpatibility with substrate materials 

Solvent-based thermoset resins may be applied by conventional 
coating methods, dried, and cured through an oven cycle to produce 
the ultimate properties. 


Solvent-Based Acrylic Adhesives - Table 3-11 


These compounds are very similar to the solvent-grade coating 
resins except that they are formulated for high surface tack. 
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hi^Mr flexibility* and contain adhesion-^prcxDOting cbanical groups. 
They are also available In both thermoplastic and thexmoset forms 
and require a bake cycle to develc^ optiouB atdhesion. 

E. Acrylic tatex ftffliesivee and Coatings - Table 3-12 

Emulsion polymers consist of discrete spherical particles of 
hi^ molecular eei^t polymer dispersed in water. Since the poly- 
mer particles are s^iarate from the continuous aqueous phase* the 
viscosity of the di^iersion is relatively ind^endent of the poly- 
mer's molecular weight. Consequmitly* molecular wei^t can be 
raised to hi^ levels to take advantage of the resulting improve- 
ment in performance properties. 

Viscosity remains oonvwiMitly low and permits wide formu- 
lating latitude. Because of their molecular weight adveuntage 
emulsion polymers eidiibit good toughness* cbenical and water re- 
sistance* and outdoor durability diaracteristics. Also* they 
allow the highest aiplication solids (up to 70 percent). 

P. Bulk and Hot-Melt Acrylic Adhesives - 
Table 3-13, A and B 

The bulk adhesives survey encompasses four types of acrylic 
conpounds: hot-melt adhesives* cyanoacrylates, first-generation 

adhesives* and second-generation (or reactive) adhesives. 

Hot-melt conpounds are simple low molecular weight* high sur- 
face tack solids that melt to form viscous fluids at tmiperatures 
around ISO^C. They are noncuring* low-modulus* soft thermoplastic 
resins and have the advantage of being pourcble at tenperatures 
that will nut destroy cell functioning. 

Cyanoacrylates are a unique class of materials that derive 
their unusual behavior from a high polarization of the un- 
saturated bond of the acrylate. They have the ability to 
polymerize very quickly at room temperature with no catalyst 
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rsquirod. Thag are suitable for a number of adheraods because 
of the presoAce of a number of basic materials on most substrata 
that may serve as activators for the polymerisation . They are 
very expensive and are often difficult to handle due to their 
rapid cure time. 

First- and seoond-g«)eration a^esives are both members of a 
class called "modified acrylics", idiidi refers broadly to solu- 
tions of rubbery polymers in methyl methacrylate. Both demon- 
strate excellent 1<9 ^lear values (approximately 3S00 psi), as well 
as high impact strength and transparency in thin sections. Both 
curs by a frM-radical am^MUftiam, but first-goieration adhesives 
require heat for tiiis purpose. 

The term "second-generation acrylic” refers specifically to 
graft polymerisaticsi tedmology, ydiLcb. is based on a combination of 
new modifying polymers for €kcrylics and a surface-applied activator, 
nie new modifiers reinforce and tou^ien the bond and also provide 
reactive sites that, in the presence of specific activators, cata- 
lyze the graft polymerization of the reactive fluids. Adhesion oc- 
curs «dien the nnnomers, under the influence of an activator, are 
induced to graft polymerize on the modifier in the glue line. The 
bond is usueQ.ly conplete in 2-4 minutes at zoom tenperature, as 
opposed to approximately 120 minutes at elevated tmiperatures for 
first-generation materials. 

Both adhesive systems supply high-strength structured, bonds 
and dmnonstrate the following desirable properties: 

. Sinple no-mix application 

. Tolerance for oil-contaminated or unprimed surfaces 

. Bond flexibility 

. High peel and lap sheeor strengths 

. Good heat eind moisture resistance 
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. wide latitude in cure rate 
. Very rapid core poaeibility 

Acrylic molding resins (Table 3-6) are only useful in film form as 
outer covers or bade covsi». The ei^snse involved for panels of the re- 
quired thickness precludes their use for either substrate or svperstimte 
functions, cmd they are all too high in tensile modulus to serve as pot- 
tants. Additionally, only one commercial solid-grade resin, Acryloid B-82 
(Rdm fi Baas) , has been found to process at t«ig>eratures (27S**P) that will 
not damage cell function. Cells direcc .y encapsulated in this resin even- 
tually crack, hoiraver, from mismatdied coefficients of thermal expansion. 

As coatings, covering a low-modulus pottant, the extruded resins 
diould perform exc^tionally well, at an average cost of approximately 
$0. 004/ft Anil. Films of 0.005 inch thickness would cost 2 cents per 
square foot for outer covers; and of 0.01 indi thickness as a bade cover 
would cost 4 cents a square foot. At this time, only one coontercially 
available acrylic film is known: Rorad (Xcel Corporation), priced at 

$0,047 per square foot (Grade A-CV, 0.003 indi) . these prices are 
within the estimated 1986 cost allocations for the construction elme:its 
mentic 'ed. 

&>lvent-based coatings (Table 3-10) are a little more expensive - av- 
eraging about $0.006/ft^/mil (dry film), due to the foimulating necessary 
for solution conpatibility. An advemtags is that they may be applied to 
a surface and subsequently dried and exosslinked at an elevated tenpera- 
ture. A disadvantage is that the solvent present may interfere with the 
surface being treated; also, a drying cycle is required to deposit the 
film - possibly in multiple applications - to achieve the desired 
thickness. 

Solvent-based coatings are cfxnpatible with many ultraviolet-absorb- 
ing compounds and may serve as useful vehicles for UV screening covers. 
Latex (emulsion) based coatings (Table 3-12) range in price from $0,003 


to $0,007 per square foot per mil (dry film) and are similar to solution 
acrylics in that crosslinkable grades are available and a drying cycle is 
also required. 

07 screening agwits are not as easily incorporate into amlBtoa 
polymers brcause of the difficulty in dispersii^ additives in a tuo^phase 
syston (water and polymer) . IQiether solid>* solvmt>, or latex-based, 
acrylic coatings should be primarily n»thacry late-based for &ira- 

bility; and have hi^ tensile strength and possess ultimate elongatimis 
of 15-20 percent for optimum toughness. 

As adhesives (Table 3-13), the second-generation acrylics are the 

compounds of du>ice. Cyanoacrylater are prcdiibitively ea^ensive at ap- 

2 

proximately $0. 30/ft /mil; solvent-based c<mqpounds require drying times 
and heat cycles to cure; and first-generation acrylics have long set 
times. The secraid-generation materials are fairly inexpensive ($0.0M/ 
ft /mil) , are easily applied, require no preparation, and have high bond 
strengths with short cure times. 

TO function as a pottant, a compound must be transparent and proces- 
sable but must also possess low modulus in order to provide the neces- 
sary stress relief fnxn thermal excursions. To date, no commercially 
available acrylic conpound has been found that entirely satisfies this 
need. Pourable thermoset formulas exist (Table 3-9) , but they are very 
high in modulus and are too expensive to be of any use. Hot-melt adhe- 
sives (Table 3-13B) are processable at sufficiently low teoperatures and 
are soft enough to provide stress relief, but they are often hazy emd do 
not thermoset to a rubbery or resilient conpoiuid. Modification of hot- 
melt acrylic formulas, such as Rohm & Haas QR-667 hot-melt adhesive, 
is the most promising direction in vAiich to go toweurds a successful low- - 
cost and durable pottant. 

Springbom Laboratories has demonstrated the possibility of develop- 
ing pourable, transparent, thermoset acrylic potting compounds from low- 
cost readily available monomers. These polymers have similar handling 
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(^x&racterlstlcs to Sylgard 184, a low-viscosity fluid that can be poured 
in*^o a mold ai^ coxed to a lOM-oodolus elastoBer at either room tssqpera- 
tore or an oven cycle. Corrent laboratory appxoadiea are baaed on dis- 
solving a very low nolecolar wei^t Iratyl aery late/methyl acrylate co- 
polymer in diethylene glycol dimethacrylate (Rohm & Haas Monamer X-970) . 
Polymerization is accmqpli^ed with an appropriately selected peroxide 
and an amine or metal complex activator. These compounds are strictly 
e^erimental at this time and their utility r emain a to be proven. 

SOBSTSATE SORVBY 

Mine basic design options have been considered for the construction 
of flat-plate style modules. Of these options, two primary types can be 
notedt superstrate bonded and substrate bonded. Both superstrates and 
substrates are defined as the load-bearing con^nents of the module and 
the part to «diich the cells are (adhesively) bonded. Superstrates ride 
above the cells and must enviously have high optical transparency! sub- 
strates carry the cells from the underside and may be opaque. 

From a congieurative cost analysis of candidate materials it became 
apparent that this construction element would command the highest pro- 
portiem of the 1986 raw materials cost allocation; a discussion follows. 

In this study (ongoing) , various substrates and superstrates were 
considered in four basic classes: metals, ceramics, plastics, emd wood/ 

agricultural materials. In order to create a comparative study, it was 
necessary to generate a unifonn costing procedure so that all candidates 
can be compared on an equal cost/performance basis. To do this, calcula- 
tions based on a currently used module design (Solar Power Corporation) 
have been mig>loyed. The collector consists of a flat-plate substrate 
45 inches in length by IS Inches in width, with cells adhesively bonded 
to it, and an overlay of low-modulus potteuit. Under the current JPL 
specification, the panels must be able to withstand uniform wind loadings 


% 



9 


3-20 




1 1 




m 


'•Msik 


!;■ ’ :r' T' t 

■ '. ii m l iti l -fcTJjlA i(w.tt. 


''i^" ' ■' '. 


o£ 50 pounds per square foot without flexli^ to the point at which cell 
fracture* inter>connect damaqe* delamination, or other fcdlure occura. 

For a panel of the dimensions given, the center>point deflection 
diould not exceed 0.25~inch} and on the basis of this specif Ication, 
it is possible to calculate the irequired thickness, modulus, and cost of 
potential substrate materials. The calculations are made using the 
following rasu&ptionst ' 

1. Si^eratrate (or substrate) is si^poraed around the entire 
perimeter tqr a metal frame and elastomer channel. 

2. The frame is infinitely rigid. 

3. The panel is rectangular - 45” x 15” (1.14 m x 0.38 m) . 

4. The pottemt 2 uid solau: cells carry no load. 

5. The maximum wind load is 50 Ib/ft^ normal to panel 
from front or back. 

6. *Rie maximum deflection of the panel at the center is 

0. 25-inch (approximately the minimum breaking limit for 
4-inch diameter cells) . 


Working from these assunq^ions, equations describing the deflection 
characteristics under uniform loading for flat plates have been published 


euid are described as follows: 


t (stress at center) 


y (deflection at center) 


-o(qb^ 


Inches 


^ere q s uniform loading, psi 
t = thickness, inches 
E = modulus of elasticity, psi 
b s width 
a s length 
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Roark • Formulas for Stress and Straini McGraw-Hill 
Publishing Coiqpany. 
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For this particular exercise, the uniform loading, q, is equal to 
50 Ib/ft or 0.347 psi) a and b are, respectively, 45 inches and 15 incdies} 
Oi and ^ ara, respectively, 0.1335 and 0.7134 inchesi and y is equal 
to the nuKinnim center-point deflection specification of 0.25-lnch. In all 
cases the calculated center stiress from equation (1) was substantially 
less than the materieds* tensile strength, indicating that the flat plates 
would not thoBselves crack under the deflection conditions specified. 

By rearranging equation (2) , the product of thickness euod flexural 
modulus may be repressed as: 

Et^ . - « 

y 

and by substituting with the following given values: 

3 

Bt B 9380 lb-in., or 

t^ = 9380 
E 

Therefore, the minimum required thickness for any load-bearing 
panel (substrate or superstrata), given the design specified, is equal 
to the cube root of 9380 pound- inch divided by the flexural modulus in 
pounds per square inch. 

From the flexural modulus, cost per pound, and density, it then be- 
comes possible to calculate the minimum required thickness and weight per 
square foot. Simple multiplication of the weight by the cost per pound 


0 
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t^«n equals the miniiHum required costf which serves as the basis for sub* 
strata material confer Ison. 

Tables 3*14 through 3*17 list the superstrata and substrate materials 
surveyed to date* along with their cost and modulus data* and the calcu- 
late thickness required for ea^. The last column is the cost for a 
flat plate of each material of the required thickness. 

As the tables indicate* tiie study was divide into sections accoe* 
ing to tile class of materials under investigation. For sane composites* 
flexural modulus values could not be fomd since the value changes with 
variations in design. 

A brief survey of transparent loe-bearing materials rapidly estab- 
lishes that the least ei^ensive material capable of functioning as a 
superstrata is glass - at a cost of $0.29 to $0.30 per square foot* at 
the required thickness (0.09-''.nch) . 



A 


Acrylic polymers are also a logical tiioice because of their relatively 
low cost* inherent weatherability* and ease of fabrication. The re- 
quired thickness to withstand 50 psf wind loading is found to be 0. 315- 
inch* however* which calculates out to a cost of $1.77 per square foot. 
Polycarbonate is even 're expensive at $3.41 per square foot at a thick- 
ness of 0.308- inch* and is much less weatherable than either of the other 
two materieds. 

A more intensive survey was continued towards the selection of 
candidate substrates. 

Plastic materials were the first considered - because of their 
fabrication versatility* relatively low cost, high availability, and the 
possibility of their being compounded with inexpensive fillers to further 
reduce the cost. 

The coat effectiveness is basically a ratio of the stiffness (flex 
modulus) to the material cost. Fillers and fibers added to improve the 
rigidity also raise the density, however, and consequently many of the 
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hi^-8trength materials are less cost effective because of the increase 
in cost per unit volume. Ihe uniform costing pirocedure previously de- 
scribed is the only efficient method of evaluating the candidates. 

Costs per square foot of module at the calculated thickness appear 
in the last column of each table. 

Resin-reinforced structural laminates such as epoxy and polyester 
preisquregnated glass matt were all extremely expensive, reuiging from 
about $2 to $4 per square foot, except for a paper-based ihenolic 
laminate at $1.28 per squeure foot. Unfilled homopolymers and copolymers 
ranged from $3.41 per square foot for polycarbonate to $0,725 per square 
foot for polystyirene to a low of $0.53 per square foot for styrene- 
maleic anhydride copolymer - one of the lea?t e:^en8ive conpounds yet 
found. 

It was assumed that the stiffness-to-weight ratio of structural 
foam plastics would place them at an economic advantage, but actual 
costing found them to be conpetitively priced with many filled resins. 
Foamed plastics priced out at $0.66 per square foot (Dylark; foamed 
styrene-maleic anhydride) to approximately $1 per square foot for 
polypTOpylene foam. 

The least expensive plastics found to date fall in the 50-60 cents 
per square foot remge - the best being polypropylene with 40 percent talc 
filler, at $0,518 per square foot. 

A brief survey of some of the more widely used metal construction 
products (Table 3-15) indicates that they may be competitive with plas- 
tics. Galvanized steel priced out at $0.56 per square foot for the thick- 
ness required, and hot-rolled mild steel at $0,421 per square foot. 
Aluminum, desirable for its weathering resistance costs $1.11 at the re- 
quired 0.098- inch thickness. It should be noted that these prices are 
derived from conn. .rcially available forms, and gages of the required 
thickness may not currently exist. 
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The use of metals may also incur an additional fabrication cost if 
special design is required, as opposed to plastics that may be molded in 
a one-step operation. 

Ceramic-based substrates were also briefly considered (Table 3-16) , 
and costed out at lower prices than either plastics or metals. A draw- 
back, however, is that the densities of these materials are so high, 

that they would undoubtedly require expensive support. Glass reinforced 

2 

gypsum board in 1-inch thickness is capable of sustaining the 50 Ib/ft 
wind loading according to the manufacturer, and costs approximately 
$0.30 per sq^are foot. Although the price is attractive, this type of 
substrate would not endure outdoor weathering for long because of its 
high water sensitivity. The cost of upgrading would probably be high. 
Additionally, the elastic limit in this emd other ceramic materials is 
very low. Small deflections in the panel would cause cracking and 
fatigue, leading to catastrophic failure. 

Blasticized cement is a weatherable compound, however, and has a 
degree of flexibility not found in other mineral products. Latex- 
irodified cement is estimated at $0.40 to $0.50 per square foot in 1/4- 
inch thicknesses. The load-bearing capacity is not presently known, 
and the cost also needs further investigation. 

Table 3-17 lists some of the wood product substrates investigated 
to date. This class represents die lowest cost structural materials yet 
found that are available for solar module manufacture without extensive 
researcdi and development effort. Conventional 1/2-inch sanded plywood 
(Potlatch Company) prices out, at the required thickness of 0.21-inch, 
at $0,126 per square foot. Translated to a standard 1/4-inch thickness, 
the cost becomes $0,151 per square foot. This is approximately three to 
four times less than the cost of the least expensive plastic compounds 
surveyed. 

A disadvantage to plywood, however, is that it is manufactured in 
only certain standard thicknesses and would require retooling to produce 
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special greides. This difficulty is overccme with the use of particle 
boards such as hardboard, (diip board, and flake board - all of vdiich are 
made by an extrusion and/or campression-molding type of process in which 
the thickness may be varied. 

Xhe lowest-cost particle board discovered so far is a 3/8-inch thick 
wood chip/phenolic binder conposlte (Roadman Company) which is marketed as 
having .« flexural modulus of 500,000 psi and a cost of $0.16 per square 
foot. Calculation of the cost based on the thickness required by the 
wind deflection equation (0.265 inch) comes out to be $0.11 per square 
foot (44 percent of the 1986 raw materials allocation) . Unfortunately, 
this product is not weathered>le in its commercial form. 

As may b-i seen in Table 3-17, the ether types of fiber or particle 
board are similarly priced. The results of the wood products survey are 
' ighly encouraging, and continuation into a more extensive survey is 
recommended. 

Paper based materials are only just coming under investigation 
emd three products of interest have been identified. A structural 
paneling material known as "Romasote" is available in 0.5-inch thickness 
at $0.14 per square foot. This compound is prepared from waste paper 
and has a flexural modulus of 80,000 psi, which provides adequate de- 
flection resistance for its thickness. Another interesting product is 
a weather-proofed pressed paper-board panel manufactured by Mead Paper- 
board Products, Inc. under the trade name of "Pan-L" board. This panel 
material has a modulus of 615,000 psi and requires 0.24-lnch thickness 
for adequate wind resistance at an estimated cost of $0.24. Mead claims 
this panel board has endured 17 years of outdoor weathering in Wisconsin. 
Lastly, preliminary contacts have been made with Hexcel Corporation, 
manufacturers of a Kraft paper honeycomb-composite structural panel 
costing approximately $0.09 per square foot. This product is made for 
internal of protected use only, however, weatherable grades are currently 
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under development. The equipment flexural modulus or load-bearing 
capacity of this material is not known at this time, but the low C'-3t 
and high strength warrwt further ir /estigation. 

Weatherability is also a factor requiring consideration. One side 
of the substrate will be covered with cells and pottant, presumably 
supplying adequate protection: but the underside may require a special 
ized treatment or coating. Wood products again have importamce in this 
area due to the advantages presented by: 

. History of actual outdoor aging in a wide variety 
of climates 

. Known preservation techniques (such as Koppers 
"Osmose K-33") 

. A known technology of protective marine paints and 
coatings 

. The aibility to formulate binders for meucimum hydro- 
lytic and adhesive stability 

There are meuty well doc\unented methods for stabilizing plastics, 
also (incorporation of zinc oxide or carbon black) ; however, there is 
no cost margin remaining to upgrade these materials if they already 
exceed the cost allocation. 

In consideration of the extent of this survey and without the pur- 
suit of innovative designs to maximize the strength- to-weight ratios, 
wood 2 md paper products stand out as the most viable candidates for the 
1986 encapsulation goals. 






FIGURE 3>1 

Flat<‘Plate Solar Module Design 



Description 


. Cells bonded to rigid substratei trans> 
parent encapsulant, top cover. 


Cells bonded to underside of transparent 
sv^rstrate/top cover; encapsulant; back 
cover. 


Rigid single transparent encapsulant; 
top cover. 


^ Flexible single transparent encapsulant; 
rigid clear st^ierstrate. 


Flexible single transparent encapsulant; 
rigid substrate. 


Cells bonded to rigid substrate; clear 
conformal top coat. 


Cells bonded to clear superstrate/top 
cover; conformal under coat. 


Cells bonded to rigid substrate; clear 
encapsulcuit; air gap; top cover. 


Ceils bonded to rigid substrate; air 
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Tbis section covers the experioental activities of the last year and 
investigations into four subject areas t 

• OV Upgrading 

In this study plastics tfsre con^oanded with additives or coated with 
ultraviolet absorbing coatings to increase the resistance to degradation. 
Specimens were evaluated ai^ compared to (mstabilised controls after ex- 
posure to neather-Omster and fluorescent sunlamp conditions. Internal 
confounding provided sane iofrovement in properties, especially retoition 
of (ftical transmissifui. The performance of cellulose-acetate-butyrate 
(CAB) was dramatically improved, no disintegration occurring. 

Filns and coatings proved to be generally more efficient, the best 
being Tedlar-OT film (du Pont) . Acrylic coatings containing dissolved UV 
absoi^aers were found to greatly incre2ise the lifetime of easily degraded 
polypropylene and may provide an inexpensive and replenishable method to 
protect solar module components. 

• Plasma Spray Coating 

The technique was investigated as a method for applying pottant materi- 
als since it offered the potential for cost-effective and rapid automated 
module fabrication. Experimental attmnpts were unfortunately unsuccess- 
ful due to fracturing of cells from high heat build-up. The process is 
also limited to high-modulus materials that may be finely ground, 
whereas soft elastomeric compounds are the most desirable pottants. 

• Module Fedirication 

Four sets of four modules were fabricated for the April PIM meeting. 
Techniques were developed for applying the pottant to the cell and sub- 
strate arrays. A UV-stabilizud acrylic film was then bonded as an outer 
cover on the pott£int to provide increased environmental resistance. 

The modules were put through the humidity and temperature cycling 
tests at JPL. 
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The pottant/sobstrate combinations w'X for these modules were: 

. PVC plastisol/£Xakti]oazd (substrate) 

. EV2V/galva.iized steel 
. lonomer/rigid PVC 
. Acrylic/^enolic 

Ftnir other single modules were also fabricated using t 

. EPDM/ styrene honeycomb 

. Flexible polyester/plywood 

. Crosslinhed acrylic/Hasonite 

. Aliphatic urethane/styrene-maleic anhydride sheet 
• Weathering Studies 

The {Aysical and <^tical performance of various pol^ners have 
hem assessed and 'compared after e^iosure to a variety of weatheri ig 
cxmditions. The environments included outdoor exp'^sures, BHHAQaAt 

e 

Weather-O-Meter and fluorescent sunlanp. To date the Plexiglas 
acrylic cor .pounds emd the fluorocarbons have the best property 
retention. 

There follows a detailed discussion of these investigations. 
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Only aczylics, sillconns, and fluorocaidMMis are iidierently resis- 
tant to weathering. This linitation does not mean that plastics can- 
not be modified for outdoor use. however. Neather-rmistant coatings 
or internal con^oimding of special additives can a^iisve dramatic im- 
provooents in environmental resistance. 

The deterioration of plastics in outdoor weathering is caused pri- 
marily by sunli^t - especi€Q.ly ultraviolet - frequently ccmbined with 
atmos^eric oiqrgen and often involving moisture, abrasion, and other fac- 
tors as well. Sunli^it reaching the earth is filtered throu^ the atmos- 
phere, removing shorter wavelengths up to 290 myU before it reaches the 
surface of the eeurth. Thus ultraviolet effects on plastics result pri- 
marily from waveloigths of ai^roximately 290-400 vxjj, , tdiich is agg>roxi- 
mately S percent of the total solar radiaticm reaching the earth. 

In general, ultraviolet energy initiates breakdown by dissociating 
a covalent chemical bond into a free radical. This initiates a free- 
radical chain reaction. In the presence of atmospheric oxygen, this tisu- 
ally becomes an oxidative chain reaction. Formation of degradation prod- 
ucts like C a O and C » C double bonds, and hydroxyl O — H and perox- 
ide 0—0 groups increases the number of groups vdiich can absorb \iltra- 
violet li^t and thus accelerates the degradation reaction. 

Deterioration by weathering will depend on the material, the addi- 
tives, the total amount of radiation absorbed, the tmnperature, humidity, 
£U)d possibly other factors. 

These chemical modifications of the polymer are responsible for the 
deterioration of optical and mechanical properties 2 uid usually result 
in reductions of tensile strength, elongation, wd transparency. 

Protection from UV light is obtained with stabilizers known as ultra- 
violet absorbers 2 md quenchers; protection from oxidation is achieved 
with the use of antioxidants. Most frequently the two used together have 
a synergistic reaction in which the increase in weatherability is greater 
than that obtained with the use of either one alone. Antioxidants used 
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alone - especially In large gioantlties - often accelerate OV^catalysed 
degradation. 

the Bost efficient fom of stabilisation involves the use of pl^nmts 
which render the polymer opaque. Generally , the most effective means 
of improving the weather resistance of plastics is to cospound than with 
caucbon black. Carbon black is totally opaque to both visible and ultra- 
violet portions of the sprotrum and additi<mally serves as a highly effec- 
tive free-radical trap that inhibits chain scission. Zinc oxide is another 
efficient UV-absorbing opaque pigment that is «diite in color and conse- 
qently heat and light reflective. Althou^ the primary interest in IiSA 
at presmt is transpar«it coating and potting conpounds, the use of opaque 
additives will probably find application in the stabilization of substrate 
and undercoating materials. 

Transparent materials are mu^ more difficult to stabilise, requir- 
ing either appropriately selected overcoatings and/or the corjrect bl^d 
of OV absorbers, antioxideuits, and other stabilizers. Tables 4-1 and 
4-2 list various conmon commercial UV stabilisers and antioxidants that 
may be useful for this purpose. OV stabilizers are typically used at 
0. 2-0.8 parts per hundred parts resin, and antioxidants at the 0.05 to 
0.5 parts level. 

A study was conducted on inproving the performance of polymers se- 
lected from the origizial materials program and to determine the feasi- 
bility of upgrading them. The materials selected were Lexan 123, Tenite 
479 (celltilose acetate butj .ate) , C-4 polycarbonate, euid the two acryl- 
ics - Plexiglas 0R-61K and Plexiglas V-811. These plastics were chosen 
before the more extensive siucveys were conducted, and although they will 
not be recommended for module construction, they serve to lemonstrate 
a concept and technology that may be applied to other compounds at a later 
time. 

Two basic approaches were employed to increase the ultraviolet sta- 
bility of these polymers: internal compounding and external coating. 

Compounding was performed on a two-roll mill - permitting the incor- 
poration of other substances into the polymer at its melt temperature. 
Generally, four types of stenbilizers are added to maximize degradation 
resistance: 
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(1) Absoi^Mrs - confounds that absorb ultraviolet light 
strongly and preferentially* and convert the «iergy 
to harmless fluorescence or heat. 

(2) Qumichejrs > compounds that interdiange energies with 
excited polymer molecules and return them to ground 
state before bond scission occurs. 

(3) Metal deactivators - chelating ccm^unds that destroy 
the effect of treu:e metals that catalyze oxidation of 
the polymer molecule. 

(4) Antioxidants - compounds that interrupt free-radical 
chain-reaction mechanisms or decon^ose peroxides that 
give rise to bond scissioning and depolyjterization 

A list of coogxsunds typically used for these functions appears in 
Tables 4-1 and 4-1. Bach of the five materials previously mention^ was 
compounded with formulas A* B* and C - as follows: 


Formula (tAtr)* 


Stabilizer 

Function 

A 

B 

C 

Cyasorb OV-531 

Absorber 

0.5 

- 

- 

Cyasorb OV-1084 

Quencher 

0.3 

0.3 

- 

Tinuvin P 

Absorber 

- 

- 

0.5 

OVinul N-539 

Absorber 

- 

0.5 

- 

Polygard 

Metal deactivator 

0.3 

0.3 

0.3 

AH-105 

Quencher 

- 

- 

0.3 

DSTDP 

Antioxidant 

0.3 

0.3 

0.3 

Irganox 1010 

Antioxid£mt 

0.2 

0.2 

0.2 


* phr B per hundred parts resin 

In three cases, already upgraded materials were obtained from the 
resin manufacturers and substituted for the preceding formulas. Lexan 
123 - Formula C - was replaced with Lexan 9030; Tenite 479 - Formula B - 




4-5 






yL-LLj-i 


with Tsnite 485} and Plexiglas V-811 - Foarmula B - was replaced with 
Grads UVA-5. 

In most cases the ccxqpounding operation iiqparted a slight yellow 
color to the polymers, resulting in losses of 5-10 perc«it total optical 
transmission (Table 4-5 - controls) . 

*^e upgraded materials were conqoared to their unstabilized equiva- 
l^ts after 120 days of ea^sure to the carbon arc Weather-Ometer and 
BS-4/S5**C conditions. Plexiglas V-811 and cellulose acetate butyrate 
foznoilas were continued to 240 days of esqposure. Measur^ents were made 
of hardness, visible optical transmission, ultraviolet optical transmis- 
sion (Tables 4-3, 4-4, and 4-5); and for mechanical propearties: yield 

strength, tensile modulus, ultimate elongation, and tensile strength 
at break (Tables 4-6 through 4-9, respectively) . 

Variations in surface hardness (Table 4-3) between aged cmd unaged 
specimens were not peurticularly large nor did they demonstrate correlation 
with other properties. Inprov^ents in the retention of optical trans- 
parency were found in almost all cases (Table 4-5), the increase ranging 
fxxna 5 percent to 20 percent of control. 

Plexiglas V-811 demonstrated an optical improvement of 5-8 percent 
over the control with a proprietary formula (UVh-5) . The other acrylic, 
Plexiglas OR-61, showed a similar increase of 6-7 percent with upgrade 
Formula C. Formula C was also successful in C-4 polycarbonate resin, 
raising the 120-day Weather-Ometer tr^u)smission by 20 percent over the 
control value. 

Measurements of total ultraviolet transmissions (Table 4-4) were 
found to retain their zero value for all upgraded compounds after 120 
and 240 days of exposure. 

Improvements in mechanical test results were not as encouraging. 

The most notable improv^ent in physical properties occurred in 
the case of Tenite 479 - cellulose acetate butyrate. Specimens remained 
in good shape and were tested after the 120-day exposure, whereas previ- 
ously the polymer had flowed to the point of destruction. 
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The manufacturer's upgraded compound, 485, was superior for the 
initial 120 days, retaining tensile strength in excess of 3000 psi and 
elongation of approximately 20 percent) but the Springbom Laboratories 
Formula A performed more successfully over a longer time. Formula A 
in cellulose acetate butyrate maintedned an 86 percent optical transmis- 
sion after 240 days of exposure to RS-4 sunlanp aoA 40 percent of its 
original tmisile strength. Although the elongation dropped badly, all 
other celliilosic specimens disint^rated. 

Yield strengths and modtilus values varied little in most compounds 
and revealed no particular information on increased stability. Elonga- 
tion values suffered in the process of coipounding prior to exposure - 
exc^t for Plexiglas OR-61, tdtich doubled to 35 percent. 

Losses in the four other materials ranged from 50-90 percent, both 
before and after aging. The two acrylics, Plexiglas V-811 and Plexiglas 
OR-61, were the least affected, but these materials have low elongations 
to begin with. Tensile strength measurements. Table 4-9, were slightly 
lower after compounding and exposure, but showed no dramatic changes. 

Except for marginal increases in optical transmission and elonga- 
tion, the performance of Plexiglas V-811 does not appear to be substanti- 
ally improved by the incorporation of UV absorbers, quenchers, and anti- 
oxidants. 

This task appears to have been successful in improving the proper- 
ties of Tenite 479 cellulosic and imparting more optical stability to 
the other plastics; however, the loss in elongation V£dues is disturbing. 

The raw material add-on cost for the incorporation of additives 
is about $0.04 - $0.06 per pound of polymer. 

Two materials, Plexiglas V-811 and Tenite 479, were selected for 
further upgrading studies involving coatings based on three approaches: 

(1) Tedlar film - 100 BG30 UT (ultraviolet opaque) . 

(2) Acrylic coating: Acryloid B-82 containing 4 per- 

cent Cyasorb UV-1084 and 4 percent Cyasorb UV-531. 
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(3) Photoch«Dloal araarranganentt solution of poly(r«sor- 
cinyl isophthalats) . Ultraviolet opacity is induced 
by OV, causing the polymer to undergo Fries rearrange- 
ment. 

Only the first two ideas were successful. The last approach (3) 
gave a nonadherent film tdiich came off the test specimens easily, leav- 
ing them unprotected. 

Tedlar 100 BG30 OT gave adequate protection to the Plexiglas V- 
811 but failed when used over Tenite 479 cellulosic. After RS-4 expo- 
sure (240 days) the specimens were too brittle to test and broke upon 
handling. Internal con^unding is a much better method of providing 
protection for this material. Plexiglas V-611 <»>ated with Tedlar sur- 
vive with much higher elongation and tensile strength values than with 
con^unded formulas, but only in RS-4 conditions. Weather-Ometer stabil- 
ity appears to have in^roved more frm conqx>unding (compare tables 4-9 
and 4-10) . Optical transmissions remained very high (85-93 percent) 
for both materials protected by Tedlar (Table 4-12) . 

Exposures of OV-Acryloid coated specimens for 240 days showed the 
Plexiglas to perform quite well (about the same as Tedlar) ; but the cellu- 
losic disintegrated (Table 4-11) . Degradation in cellulose acetate buty- 
rate also appears to be water sensitive, the properties decreasing more 
rapidly in the Weather-Ometer than under SS-4 exposure. The UV-Acryloid 
film is water vapor transmissive in thin sections and may not have served 
as an efficient barrier, contributing to the faster decomposition of 
this compound. 

Stabilizing films fmd coatings were investigated further. Upon 
surveying present commercial sources, very few treuisparent UV-absorbing 
films were discovered. Acrylic or fluorocarbon films have been lamin- 
ated commercially over thermoplastic sheet materials, with notable in- 
creases in weatherability. Korad acrylic film (Excel Corporation, 

Newark, New Jersey) is an example of this approach. 

Only three domestic commercial ultraviolet-absorbing films were 
discovered: Tedlar UT (du Pont, Wilminton, Delaware), Llumar (Martin 
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Processing, Hartlnsbarg, West Virginia), and a plasticized polyvinyl 
Isutyral - Saflex OV-40 (Monsanto Ch«ncial Con^any, Springfield, Massa* 
^usetts) . Saflex UV-40 is a sheet resin es^loyed in laminating archi- 
tectural safety glass, ^e ultraviolet screening agent serves to pro- 
tect the colors of rugs, fabrics, paintings, etc., bdilnd shopfront 
windows. It is designed for and restricted to use as a glass laminat- 
ing material. The other two films - Tedlar UT (0.001 inch) and Llumar 
(0.005 inch) - cost $0,046 and $0.22 per square foot, respectively, or 
20 and 95 percent of the 1966 materials cost allocation for the encapsu- 
lation task. The Llumeur film can obviously not be used} and the Tedlar 
is still ejqiensive at one-fifth of the total allocation. 

Experiments were conducted to determine the feasibility of prepar- 
ing low-cost, UV-absozbant coatings. Solution acrylic coatings were 
chosen as the vdiicle (Acrylold series; Rohm & Ha 2 is Con^any) due to their 
low cost, transparency, and inherently excellent weathering characteris- 
tics. Three OV absorbers chosen from the benzophenone and benzotriazole 
classes of OV stabilizers (Table 4-1) were blended into each of the formu- 
lations shown in Table 4-13 at two concentrations. Films were sxibse- 
quently cast and dried to a thickness of 0.001 inch. The 2 and 5 phr 
concentrations were chosen based on Springbom Laboratories experience; 
the 5 and 10 phr levels used for Permasorb MA were based on recommenda- 
tions by National Starch. 

Transmittance measurements show these films to be approximately 
80 percent transmissive in the visible regions, and from zero to 11 per- 
cent transmissive in the ultraviolet range (Tedsle 4-13) . Four formula- 
tions had no transmittance at all in the UV region, and these ranged 
from $0.0092 to $0.0122 per sgviare foot per mil. This corresponds to 
approximately 20 percent of the cost of Tedlar or 5 percent of the materi- 
als cost allocation. Increase in additive level of the UV stabilizer 
does not always result in a significant decrease in UV tremsmission. 

This may occur because the UV transmission is already low, even at the 
lower additive concentration. Extensive effort is required to optimize 
the UV additive system with regain to type emd concentration of UV 
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Stabilizer (s) and presence of synergists. Optimum systems will also 
vary with the polymer vehicle. 

The ultimate efficiency of these coatings in protecting an underly- 
ing pottant is not known at this time« but experiments have been conduc- 
ted to generate c«oparative data on the degaree of protection offered 
by these coatings versus Tedl£u>coated and uncoated control specimens 
of polypropylene f a plastic very easily damaged by UV radiation. 

Cospressiou-molded bars 0-1/2" x 1/2" x 20 mils) were prepared 
of polypropylene (Profax 6523, Hercules Powder Company) and coated with 
1-mil layers of Formulations A6693-4, -S, -10, and -12 (Table 4-13) and 
Tedlar 100 B630 UT, and exposed to accelerated aging in the SS-4 fluor- 
escent sunlas^ chamber. 

After sixteen weeks (2700 hotirs) , the least damaged specimens were 
those protected by UV-absorbing Tedlar. These specimens did embrittle 
and crack in some areas but generally retained flexibility in over about 
60 percent of their areas. The best UV-Acrylold solution coated bars 
were flexible over about 40 percent of their areas, and degradation was 
obvious over the remainder of the specimen. 

The areas retaining flexibility all demonstrated good localized 
adhesion of the coating and damaged areas all had cracked and delaminated 
coatings. This suggests that loss of adhesion was the major factor con- 
tributing to the failure of the specimens. 

The most efficient formula (A6693-4) consisted of 5 parts of 
Tinuvin-P (on a solids basis) dissolved in Acryloid B-44. Specimens 
with less efficient coatings generally crumbled under stress. All un- 
coated controls turned to coarse powder after two weeks of exposure. 

It is felt that the UV-Acryloid coatings may be equally as effi- 
cient in providing protection as the Tedlar, provided that the adhe- 
sion and elongation (to prevent stress cracking) can be improved. 

In conclusion, the feasibility of protecting a UV-sensitive poly- 
mer by internally compounded stabilizers or by absorbing coatings has 
been demonstrated. The next step is to reformulate additives and pro- 
tective coatings to optimize the environmental resistance of polymers 
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to be used In module construction to give the longest possible life. 
Marginally weatherable but otherwise cost effective plastics may also 
^ become viable candidates by these methods. 
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VlASm SPIiAY PROCESS 

The plasma spray process was selected for investigation because of 
the potential for high-speed automatic array processing. Of the many 
possible coating techniques, plasma spray is unique in permitting con- 
formal coatings of pure solvent-free polymers to be deposited with no 
vehicle other than an inert gas stream. 

Pleisma spray systems have been used for many years in the past to 
deposit high-tenqperature materials such as nickel, chromium, glass, edu- 
minum oxide, and other refractories onto a variety of substrates. As a 
result of recent process and equi^ent innovations by Sealectro Corpor- 
ation in Mamaroneck, Kew York, this method is now applicable to a wide 
range of plastic materials - including both thermosets and thermoplastics. 
Due to the speed and relative ease of this technique, experiments were con- 
ducted to determine the suitability of this approach for the coating/encap- 
sulation of solar mod;ile8 and the potential for automated production. 

The basic principles of plasma spray technology are relatively sinqple. 
Nitrogen, an inert and inexpensive gas, is ionized between a set of co- 
axial electrodes and passes out of the spray nozzle as a high-velocity, 
high-temperature plasma jet. The dry, powdered polymer is blown onto the 
surface of this hot jet by another stream of nitrogen, where it melts. 
High-velocity molten plastic particles then impinge on the target sub- 
strate, where they coalesce into a continuous, integral, adhering film. 

The heat range required for the polymer may be varied by changing the po- 
sition at which the polymer powder enters the plasma jet. Heat-sensitive 
plastics a- c Injected onto the cooler (200-300°F) pe*‘lpheral surface of 
the jet. 

The physical characteristics and quality of the deposited film de- 
pend on the (chemistry of the) coating powder and also on the nature and 
surface preparation of the substrate. Although nothing more than a clean 
surface is required for most applications, some treatment such as etching 
can improve adhesion. 
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Sealectro Corporation's plasnta spray system has demonstrated effec” 
tlve spraying of low- and high-melting thermosetting and thermoplastic 
powder coatings. These include epoxies, acrylics, polyesters, polyethyl- 
enes, polyvurethanes, nylors, vinyls, cellulosics, and fluoropolymers. An 
additional advantage of this process is that B-staged thermoset materials 
may often be cured directly in place, using the heat of the plasma jet, 
without subsequent oven postcuring. 

Particle size distribution of the fluidized powder depends on the 
melting range and heat conductivity of the polymer - but generally falls 
in the range of 75-150 microns (100-200 U.S. Standard Mesh). 

It is also important to note that the electrodes are not sacrificial 
and no metallic contamination of the coating material occurs that could 
decrease the insulation resistamce or promote degradation. 

The powder required to nud.ntain and operate a single plasma jet with 
a resin throughput of approximately 40 pounds per hour is 8-12 KW at a 
nitrogen flow rate of 100-150 cubic feet per hour. These figures indicate 
a cost saving alternative to existing powder-coating techniques. Figure 4-1 
compares the energy requirements for a model system of applying a thermo- 
set epoxy coating to steel and ceramic suostrates by the plasma spray and 
the fluid-bed processes. The plasma spray process can be seen to use only 
20 percent of the thermal energy of the conventional technique. 

The coating rate is dependent upon the melt viscosity of the polymer, 
but typically nms 100-200 square feet per hour for a single gun of cur- 
rent design (0.02-inch coating) . 

Two encapsulations were attempted using the plasma spray technique. 
Systems 1 and 2 using Halar 500 and Tenite 479, respectively, have been 
plasma sprayed over cells glued to a polyester substrate. System 1 proved 
to be completely unsuccessful, and the following observations were made: 

(a) Cells fractured in 100 percent of the modules attempted (9) . 

(b) Melting of metalization could be noticed on all modules, 
even though a thin coat of polymer was applied. 
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(c) "Shadowing" aroond interconnects aiul cell edges «dxere 
the spray did not reach was apparent. 

(d) Loss of adhesion and delanination of the Halar film 
occurred in small areeis over the cell surface. 

(e) Zt is believed that the silicon wafers were exposed to 

more thermal shock than expected, partly lue to the poor 
. - transfer of the polyester substrate. 

In Syst«n 2, Tenite 479 (cellulose acetate butyrate) , there was but 
one fractured cell among the twelve modules coated. Despite the low melt- 
ing point of CAB (1S0"C ) , enough heat buildup occurred to cause sane local- 
ised melting of the solder on some modules. The CAB layer deposited was 
very transparent, still showed some signs of shadowing (nonconformality) , 
and had a slightly rippled surface. One difficulty with this material is 
that it still may not have sufficiently low modulus to provide the required 
degree of stress relief from thermal expansion. 

A limitation of the plasma spray process is that only high-modulus (and 
therefore friable) plastics may be used. Soft, rubbery materials - most 
useful as pottants - cannot be applied by this method. 

Although the use of plasma spray has not been successful for this 
{diase of the encapsulation tas)c, it may provide an econcmiical way to apply 
coatings in various other areas of the LSA project. 
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FIGURE 4-1 


Energy Comparison 
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Material Constants 


Size (ft^xin. ) 


Density (g/cm^) 


Height (Rg) 


Specific heat (cal/g) 


Melting point (^C) 


nT (Tsn^eratura 
Difference) 


(Total Heat) (Btu) 


lAB (Total Heat) (Real) 


Epoxy 


Steel 

Ceramic 

100 X 1/4 

100 X 1/4 

7.83 

3.32 

28.2 

11.95 

0.11 

0.27 









































MODULE FABRICATICXl 


In oxdftr to establish a base of reed ei^rience with candidate con- 
struction naterials id^tified in the surveys, a series of miniaturised 
solar modules ware constructed for the April 1978 Project Integration 
Meeting. In this study, encapsulation processes ware investigated and 
described, areal cost analyses were performed, and problem areas were 
elucidate. 

Ba^ module consisted of a 12" x 12" substrate carrying nine regu- 
larly spaced solar cells of 90 am diameter. Three discreet electrical 
circuits were established using plated metal interconn^ts (Lockheed 
type) betwe«i the cells and soldered to feed-through connectors so that 
electrical connection could be made cm the underside of the module. Pot- 
tants were then used to fully micapsulate the cells by a method most 
suited to that particular material. The last step Involved coating the 
module with OV-absorbing acrylic film to protect the underlying ccxnpounds. 

Four major systems were developed, built in quintuplicate, and sub- 
mitted to Jet Propulsion Laboratory for qualification testing. The pot- 
tant/substrate condsinations and our findings were briefly as follows. 

I. PVC Plastisol/Flakeboeurd (Aspenite) Systan 

This module consisted of a curable liquid polyvinyl chloride plasti- 
sol poured into place over cells supported on a flakeboard substrate. Sub- 
sequent application of heat caused the plastisol to fuse emd become trans- 
parent in addition to curing to a creep- resistant gel. 

An unforeseen problem with this fonnulation is that contact with water 
causes hazing and loss of transmission. This phenomenon is reversible emd 
the pottant returns to initial clarity in dry conditions. Thermal cycling 
from -40*’C to -t-90°C under JPL quedification testing was successful with 
no delamination of the pottant or damage to the cells occurring. 

II. Ethylene-Vinyl Acetate/Galvanized Steel System 

Three modules were fabricated by placing cells between two sheets of 
specially formulated ethylene-vinyl acetate copolymer supported by a primed 
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steel sxibstrate. A subsequent heating cycle under vacuum caused the as- 
sonbly to fuse and laminate Into an Integral unit. During air oven post- 
curing of the assonbly some cure Inhibition resulted In slight flow of 
the polymer. After exposing the modules to the JPL thermal cycling test 
some yellowing occurred, but no delamlnatlon or effect on I/V curve was 
detected. Some flow of the pottant In the vertical position was noticed. 

III. lonorver/Rlqld PVC System 

These modules were constructed by thermally fusing a layer of ionomer 
resin powder over adhesive-coated cells bonded to a rigid filled polyvinyl 
chloride substrate. The fusion was conducted in a vacuum oven and com- 
pleted in a circulating-air oven. Thermal cycling was disastrous, giving 
rise to delamination between the pottant and substrate and resulting in 
cell fracture. 

IV. Hot-Melt Acrylic/Phenolic Substrate Syst«» 

These modules were prepared by melting (in vacuum) a layer of trans- 
parent hot-melt acrylic adhesive over cells mounted on a filled and cured 
phenolic board. These modules performed very poorly during thermal cy- 
cling due to excessive flow of the potting compound and destnaction of 
the outer cover. 


a 


In euldition, single modules of four other combinations were built to 
generate a basic familiarity with a variety of other materials. These 
modules were constructed for demonstration purposes and were not run 
through the JPL qualification test program. 

• EPOH/Polystyrene Honeycomb (Norfield Corporation) 

The open-celled honeycomb was faced with a thin rigid PVC film to 
support the cells prior to coating with a compounded ethylene propylene 
diene rubber. The system developed problems with warping, yellowing, and 
loss of adhesion of the various components . 
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• Polyestsr/Plywood 

A comnArcial therxnoset polyester was modified to create flocibility 
and cored over cells rammted aa a plywood substrate. ^Qiick sections of 
the polyester were f«and to ere '* during the curs cycle and also donon- 
strated poor adhesion to cell and substrate. 

• Crosslihked Acrylic/Hasonite 

The pireviously used acrylic hot-melt adhesive was coi^ound^ with 
crosslinking additives by cold milling. A layer of this confound was then 
melted over the cell array mmmted on a sanded piece of haxdboard. The 
physical properties showed ing>rovaiient in durability tmt the conpound was 
still not Sttfficioitly cured to prev«&t flow at 90^C. 

• Alifdiatic Urethane/Styrene-Maleic Anhydride 

A two-part urethane was mixed, deaerated, and poured over a cell array 
i»}unted on a substrate of filled styrene-maleic anhydride copolymer. The 
assembly was then cured in a 100**C oven. Warping of the siibstrate was en- 
countered tinder these conditions. 

The following section provides a detailed description of each syst^, 
including the materials used, construction methods, and basic cost analysis. 
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Module I. - PVC Plastlsol/Plakeboard 
A. Materials of OMistruction 

The foUouring tabulatim lists the various materials utilised in the 
constjnicticui of the PVC Plastisol/Flakeboard module. 


Bulk Cost, 


Material 

Manufacturer 

Nature 

$/Lb 

. Substrates 
As^^snite 

Macnnillan-Bloedel 

Mood flake/jphenolic 
binder (0.250 in.) 

0.135/ft2 

. Cover Film 




Acryloid B48N 

Robm s Haas 

Acrylic 

1.18 

. Pottant Materials 



Pliovic WO-1 

Coodyear 

PVC 

0.39 

Paraplex 6-30 

Rohm & Haas 

Phthalate polyester 
plasticiser 

0.67 

Paraplex 6-62 

Rohm s Haas 

Bpoxidized soybean 
plasticizer 

0.51 

Monomer X-970 

Rohm & Haas 

Butylene glycol di- 
methacrylate 

1.24 

Thezmolite 42 

M&T Chemical 

Tin stabilizer 

3.43 

t-Butyl per- 
benzoate 

Lucidol-Pennwalt 

Organic peroxide 

2.05 


. OV Absorbers 


Tinuvin 

P 

Ciba-Geigy 

Substituted benzo- 
triazole 

9.25 

Tinuvin 

328 

Ciba-Geigy 

Substituted benzo- 
triazole 

7.60 

Tinuvin 

770 

Ciba-Geigy 

Hindered amine 

13.20 


. . .Continued 
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Material 


• Adhesive 


Manufacturer 


Bulk Cost, 


Plioboid 8004 Goodyear 


Mature 


Acrylic pressure- 
sensitive 


. Adhesion Promoters 


A-174 


E^AZ-300 


Union Carbide 


lonac 


Vinyl silane 
Acrylic asiridine 


. Sealer 


Cationic Emul- 
sion 929 


Dow Coming 


Silicone latex 


B. Module Ass«nbl\ 


• Material Preparation 
1. Substrate and Constraining Walls 

Aspenite flakeboard and strips of Douc''.as fir were dried for 16 hours 
at lOQC’C. One surface of the flakeboard was oorJed immediately prior to 
use; the other surface was selaed with Dow Coming 929 Cationic Silicone 
Emulsion. The strips were attached around the edge of the board with sta- 
ples and Rohm S Haas (R&H) Rhcplex CA-12 acrylic emulsion as adhesive to 
yield a box-like structure to hold the pottant. The outside s\ir faces of 
the fir strips were sealed with R&H Acryloid B48N. 


Pottant - PVC Plastisol 


Formulation: 


100.0 


1.011 


Ingredients 

Goodyecu: Pliovic (PVC) WO-1 

R&H Paraplex G-30 

RSH Paraplex G-62 

R&H Monomer X-970 

M&T Thermolite 42 (stabilizer) 

Ciba-Geigy Tinuvin P (stabilizer) 
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After high-speed blending ■ the plastisol uas vacuum-dearated for 
16 hours. A small amount of the PVC plastisol to be used 2 is the initial 
substrate covering blended with 2 percent of lonac PFAZ-300, an 
asiridine adhesion promoter. 


3. Cover Film - Acrylic, OV-Stabilised 


Formulation: phr 


Ingredients 


222.0 

164.0 
13.5 

2.0 
2.0 
2.0 


ASH Acryloid B48K (45% in toluene) 

Toluene 

Butyl acetate 

Ciba-Geigy Tinuvin P UV stabiliser 
Ciba-Geigy Tinuvin 328 UV sted>iliser 
Ciba-Geigy Tinuvin 770 UV stabilizer 


The solution was cast on glass auid dried to 1. 5-2.0 mils thickness. 
A 2-mil film of Goodyear Pliobond 8004 acrylic pressure-sensitive adhe- 
sive was cast over the acrylic film. Just prior to use, the cm^site 
film was removed by immersion in water, followed by air drying. 


4. Primer (Cell to Potteuit) 

Formulation: phr Ingredients 

6.0 union Ceurbide A-174 vinyl sileme 

94.0 Methanol 


• Fednrication 
1. Substrate Prepeuration 

The sanded surface of the dry particle board was coated with 3 mils 
of the aziridine-modified PVC plastisol and the coating gelled by heating 
for 7 minutes in a 100®C oven. 

The cell stringers were positioned in the gelled plastisol, and pin 
location and cell placement were sicurked. Holes were drilled for the ter- 
minal pins, which were deemed with toluene and the heads tinned with 
rosin cone solder. The tinned pins were then coated lightl;’ with epoxy 
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50 phr Miller Stephenson ^>on 828/50 phr Miller Stephenson Versamid 125) 
and pressed into the drilled holes. 

An aliqoot of the PVC plastisol was then doctored over the substrate 
to a 20-^1 thickness. 

2. Cell Preparation 

The three cell stringers were cleaned with methanol and toluene, 
treated with the vinyl silane (A-174) primer, and moisture-cured at 50 
percent relative humidity. 

3. Cell-to-Substrate Assembly 

The stringers were pressed into the liquid PVC plastisol on the 
flakeboard and the Interconnects were soldered to the termincd pins. 

4. Final Module Lay-Op 

More PVC plastisol was poured over the stringers to a total thick- 
ness of 93 mils and the assembly was deaerated under vacuum for 30 min- 
utes. 

The cover film with adhesive was applied over the uncured plastisol 
and rolled smooth with a glass rod. The edges of the film were folded 
under and bonded to the module. 

The module was transferred to a ISO^C oven for 45 minutes to fuse and 
crosslink the plastirol. This material is opaque in liquid form and be- 
comes tr«nsp£u:ent as fusion occurs, giving a visual indication of comple- 
tion. 


C. Co st cf Materials 

The following tabulation presents construction costs, both present 
and projected, for the PVC Polastisol/Flakeboard module system: 





Grains 

Constructicm Costs ($/Ft2) 

IMckness 

Used 



Material 

(Mils) 

Per Ft2 

Present 

Projected, 1986 

. Cover Film 




UV-stabilized 
Acryloid B48N 

2 

5.2 

0.02 

0.2 

. Adhesive 





PliotxHid 8004 

0.7 

1.80 

0.008 

0.008 

. Pottant 





Plastisol Fomiu- 
lation 

^3 (a) 
(35) 

295 

(75) 

0.42 

0.076 

. Adhesion Promoters 





A-174 Silane 

- 

0.00127 

Insignificant 

Insignificant 

PFAZ-300 

- 

0.176 

0.0015 

- 

. Sealer 





Cationic Emulsion 929 

- 

10.8 

(2) 

0.064 

0.012 

Total, excluding substrate 


0.514 

0.115 

Substrate - Aspenite 
Flakebo«u:d 

250 

- 

0.135 

0.135 

TOTAL 



0.65 

0.25 


(a) 


Numbers in parentheses au:e 1986 projections 




Modole II. - EVA/Galvanized Steal 


A« Materials of Construction 


The following tabulation lists the various materials utilized in the 
construction of the EVA/Galvanized Steel module. 


Material 


Manufacturer 


Nature 


Bulk Cost, 


• Substrate 


Galvanized 

steel 


Various 


GsLLvanized steel 
0.062 inch 


0.521 ft2 


. Cover Film 


Acryloid B48N Rohm & Haas 


Acrylic 


• Pottant Materials 


^Butyl per- Lucidol-Pennwalt 
benzoate 


Organic peroxide 


Elvax 150 


DuPont 


Ethylene/vinyl acetate 0. 55 


. UV Absorbers 


Tinuvin P 


Ciba-Geigy 


Substituted benzotri" 
azole 


Tinuvin 328 Ciba-Geigy 


Substituted benzotri- 
azole 


Tinuvin 770 Ciba-Geigy 


Hindered amine 


13.20 


Cyasorb 531 American Cyanamid 


Substituted benzo- 
triazole 


. Antioxidant 


Irganox 1010 Ciba-Geigy 


Hindered phenolic 


. . .Continued 




Material 


Manufacturer 


• Adhesive 

Pliobond 8004 Goodyear 


Nature 


Acrylic » pressure* 
sensitive 


Bulk Cost, 
$/Lb 


0.73 


• Adhesion Pronoter 
Z'~6032 Dow-Coming 


Styirylamino silane 


4.81 


B. Module Assembly 
• Materials Preparation 

1. Substrate 

Galvanizea steel, 1/16 inch (0.157 cm), was cut to meas\ire 12" x 12" 
(30.5 X 30.5 cm). The cut edges were sealed with epoxy and the coating 
was air dried for 1 hour at SO^^C. 

2. Wires 

Polyethylene-coated wires were cut into 5- inch (12.7 cm) lengths; 
the ends were stripped and tinned with rosin core solder. 


3. Pottemt 


The following charge was milled for 10 minutes at 46 C on a rubber 


mill; 


Parts by 
Weight 

100.0 

0.5 

0.15 

0.5 


DuPont Elvax 150 (ethylene/vinyl acetate) 
Lucidol t-butyl perbenzoate 
Ciba-Geigy Irganox 1010 
American Cyanamld UV-531 


The milled stock was press-molded between Mylar sheets three times 
at 121*^0 to remove bubbles. 
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4. Primer (For Substrate) 

Formulation: 

Parts bp 
Weight 

10.0 Dovr-Ooming Z-6032 (50% solution) 

0.05 Lucidol t-butyl perbenzoate 

56.0 Reagent methanol 


5. Edging 

Ten-mil (0.025 cm) aluminum stocJc was bent to contain the molten 
Elvax pottant. The edging was taped to the bottom of the galvanized 
panel. 

6. Cells 

The wires were soldered to the cell interconnect extensions euid cell 
stringers were cleaned with solvent. 

7. Adhesive (Cell to Substrate and Pottant) 

Formulation: 50 Goodyear Pliobond 8004 acrylic 

50 Reagent ethyl acetate 

8. Cover 

See PVC Plastisol/FlaJcebo^d Module System I. 

. Fabrication 
1. Substrate Preparation 

The galvanized peuiel was cleaned with a toluene and methanol wipe. 
The Z-6032 primer solution was swabbed on, was air-dried for 1/2 hour at 
50 percent relative humidity and 23®C, and baked for 10 minutes at 90®C. 
The panel and Elvax pressing was cooled in a freezer. 

The Mylar backing was peeled off of the 0.051 cm (0.020 inch) Elvax 
sheet and any bubbles were punctured with a razor knife. The Elvax was 
then positioned on the galvanized panel. 
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The cells were inverted, wiped with methanol, and painted with the 
Plioboni 8004 diluted adhesive. The adhesive was air-dried for IS min- 
utes and baked for 15 minutes at SO^C. 

3. Module Assembly 

The galvanized panel carrying the first layer of pottant, and cells, 
was cooled in a freezer. The cells were placed adhesive side down on 
the panel. The assembly was thawed, painted with adhesive on the top 
side, air-dried, and baked. The edging was applied and the assembly was 
placed in the freezer along with the 0.070 inch (0.178 cm) thick Elvax 
top pressing. After cooling, the Mylar was peeled from the Elvax and 
the upper Elvax layer was positioned on the laminate. The following as- 
sembly was laid up to press the pottant into position with uniform 
loading : 

2 30.5 X 30.5 y. 0.32 cm aluminum panels 

1 31 X 31 X 0.32 cm corrugated board 

2 31 X 31 X 0.32 cm fcam silicone rubber 

1 31 X 31 X 0.08 cm silicone rubber sheet 

1 Module (galvanized steel, Elvax, cells, Elvax) 

1 31 X 31 X 0.32 cm silicone rubber sheet 

1 31 X 31 X 0. 32 cm aluminum pamel 

1 31 X 31 X 0.32 cm corrugated board 

The assembly was taped to prevent slippage and was cooled for 1 hour 
in a freezer. The assembly was then placed in a 100°C vacuum oven with 
a 7.8 kilo wtight on top for 1.5 hours. 

The assembly was cooled and removed from the stack. The projecting 
wires were bent to a vertical spiral configuration to prevent leverage on 
the embedded interconnects during cure. The laminate was placed on a 
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Steel block in a ISO^C oven for 15 minutes, removed, bubbles punctured, 
Blvax stock added tdiere needed, and the laminate baked for 45 minutes fur- 
ther at 150°C. The laminate was cooled and the alumxnum edging ireiaoved. 

4. Cover Film Implication 

The laminate was cooled in a freezer. Onion Carbide 7158 volatile 
silicone fluid was applied to the surface in a thin layer (1 gram per 
square foot) and the top cover film was dropped onto the surface tdiile 
under slight tension. The film was folded under the edges of the galvan- 
ized steel and the laminate was heated at lOO^C for 15 minutes. The 
volatile silicone was found to have evaporated and the cover film was 
glued sectxrely in place. 



C. Cost of Materials 

The following tabulation presents construction costs, both present 
and projected, for the EVA/Galvanized Steel module system: 
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Material 

. Cover Film 


Grams Oonstriiction Costs ($/Ft^) 
Thickness U.<«ed 

(Mils) Per Ft2 Present Projected. 1986 


UV“3tabilized 
Acjryloid B48N 


. Adhesive 


0.019 


0.019 


• 

Pliobond 8004 

• 

4.6 

0.021 

0.021 


. Pottant 





• 

Blvax 150 (Formula- 
tion A7827-1) 

90 

(25) 

<*' (56) 

0.262 

0.072 


. Adhesion Promoter 






Z-6032 

- 

~ O.OOl 

Insignificant 

Insignificant 

w 

Total, excluding substrate 

«» 

0.302 

0.112 

# 

Substrate - Galvanized 
Steel 

68 

- 

0.56 

0.56 


TOTAL 



0.36 

0.67 


(a) Numbers in parentheses are 1986 projections. 
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Nodule III. - lonomer/Riaid PVC 


Materials of Construction 


TOe following tabulation lists the various materials utilised in the 
constructicm of the lontsaer/Etigid PVC module. 


Material Manufacturer 


. Substrate 

Geon 8S707 Goodrich 


Nature 


Rigid PVC 


Bulk Cost, 
S/tb 


. Cover Film 

Acryloid B48N Rohm & Haas 


Acrylic 


. Pottant Materials 
Surlyn 5030 DuPont 

Elvax 150 DuPont 


lonomer resin 
Sthylene/vinyl acetate 


. UV Absorbers 
Tinuvin P Ciba-Geigy 

Tinuvin 328 Ciba-Geigy 

Tinuvin 770 Ciba-Geigy 


Substituted benzotri- 
azole 

Substituted benzotri- 
azole 

Hindered amine 


7.60 

13.20 


. Adhesive 

Pliobond 8004 Goodyear 


Acrylic, pressure- 
sensitive 






. Material Preparation 
1. Substrate 

Oonpression-inolded sheets of B. F. Goodrich Geon 85707, a rigid PVC 
ccnpound, were utilized as substrate materieJ.. 

A plaque was semded on one side, the seuided side cleaned with tolu* 
ene, and the plaque then annealed for 24 hours at 55^C to remove any 
molded-in stresses. 


2. Pottant 

The pottant, DuPont Surlyn 5030 ionomer. Lot 813007, a powder grade 
sodium iontaner containing a OV absorber ard an antioxidant, was dried at 
room ten^rature under vacuum. 

3. cover 

UV>stabilized Acryloid B48M, Itonm & Haas, was utilized as a cover 

film. 


. Fabrication Procedure 
1. Substrate Prepcuration 

Holes (3/16 inch, 0.48 cm) were drilled in the vinyl sheet to accom- 
modate the electrical connector pins. The terminal pins cleaned 

with toluene, the heads tinned with rosin core solder, and k?n pressed 
into the vinyl substrate using a small quantity of epoxy adhesive (50 
Epon 828, 50 Versamid 125). 

The diluted acrylic adhesive previously described for the EVA/gal- 
vanized system (50 Pliobond 8004, 50 ethyl acetate) was applied in two 
coats to the vinyl over the areas marked for cell placement. Each coat 
was brushed on and air-dried for 15 minutes plus additional drying for 
30 minutes at 55°C. 
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2. Cell Preparation 

The three cell stringers were cleaned with methanol and toluene. 

The cell and interconnect back sides were p£dnted with a 50 percent 
Pliobond 8004/50 percent ethyl acetate solution. Two coats were aE^lied, 
each dried for 15 minutes at room temperature plus 30 minutes at 55^C. 

A 0.020 inch (0.05 cm) thick conpression-molded sheet of crosslinked 
Elvax between Mylar sheets was marked with nine circular cell outlines 
(9.1 cm diameter), yAiLch were then cut from the sheet in "cookie cutter” 
fashion to provide stsress relief pads under the cells. 

3. Cell-to-Module Ass^nbly 

The previously prepared substrate, cell stringers, and Elvax pads - 
along with the materials described in the following lay-up assembly - were 
placed in a freezer at -2QPc. After a 30-minute cooling period, the 
Mylar backing was removed from the Elvaoc pads amd the cells were posi- 
tioned on the substrate with the Elvax pads (to provide stress relief) 
underneath. The interconnects were soldered to the terminal pins and the 
following materials were laid up in the freezer: 


30.5 X 30.5 X 0.32 cm alirninum panels 
31 X 31 X 0.32 cm corrugated boaurd 
31 X 31 X 0.32 cm foam silicone rubber 
31 X 31 X 0.08 cm silicone rubber sheet 


Assend>ly (vinyl s\ibstrate, Elvax pads, cells) 


31 X 31 X 0.32 cm silicone rubber sheet 
31 X 31 X 0.32 cm aluminum panel 
31 X 31 X 0.32 cm corrugated board 


Over the 
Module 


Under the 
Module 


The assembly was then placed in a lOO^C vacuum oven with a 7.8 kg 
weight on top and vacuum applied for 1 hour. After being cooled the en- 
tire surface was painted with two coats of 50 percent Pliobond 8004/50 
percert ethyl acetate - each coat dried for 15 minutes at room temperature 
plus .0 minutes in a 55°C air oven. 
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4. Encapsulation 

A strip of masking taps was run around the perimeter of the module 
to serve as a constraining wall. The dry Surlyn 5030 powder was weighed 
onto the module siirface and smoothed to uniform thickness using a Teflon- 
coated spatula. 

The module %«as placed on a galvanized steel support plate euid then 
put on a preheated steel block in a ISO^^C vacuum oven for 20 minutes. 

The ass^obly was then transferred to a ISO^C air oven for an additional 
15 minutes to conplete the fusion. 

5. Cover Film implication 

The acrylic cover film and acrylic pressure-sensitive acrylic adhe- 
sive coating were afplied as described in the Elvax/galvanized steel mod- 
ule system (Mo. II). 

The acrylic cover film was sealed to the edges of the vinyl stjb- 
strate to protect the edges of the lamination interfaces from moisture. 

C. cost of Materials 

The following tabulation presents construction costs, both present 
2 uid projected, for the lonomer /Rigid PVC module system: 


i 
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Module IV. - Acrylic/Phenolic 


A. Materials of Construction 


The following tabulation lists the various materials utilized in the 
construction of the Acrylic/Phenolic module. 


Material 


Manufacturer 


Nature 


Bulk Cost, 
$/Il) 


. Substrates 


FM 4007 


Oylark 238 


Fiberite 


Arco Polymer 


Phenolic 

Styrene-maleic 

copolymer 


. Cover Film 


Acryloid B48M Rohm & Haas 


Aczrylic 


. Pottant Materia 


QR 667 


. UV Absorbers 


Rohm & Haas 


Acrylic hot melt 


Tinuvin P 


Tinuvin 328 


Tinuvin 770 


Ciba-Geigy 


Ciba-Geigy 


Ciba-Geigy 


Substituted benzotri- 
azole 

Substituted benzotri- 
azole 

Hindered amine 


13.20 


B. Module Assembly 


. Material Preparation 


1. Substrate 


Plaques of a 30-mil compression-molded short glass filled phenolic 
resin, Fiberite FM 4007, were utilized as a substrate. 








2. Pottant 


2^ a potteuit, Rohm & Heuis QR-667 acrylic hot melt was used, as 
received. 

3. Cover Film 

For a cover film, the same UV-stabilized Acryloid B48N (Rohm & Haas) 
used in all previous systems was utilized here. For this application, the 
Pliobond 8004 adhesive was not cast on the acrylic film. The QR-667, 
because it is a hot-melt adhesive with high surface tack, serves to hold 
the film in place. 

. Fabrication 

1. Substrate Prepara'^ion and Cell Assembly 

As with all system, three stringers consisting of three cells were 
laid out on the phenolic substrate, marked to ensure proper location. 

The positions of the terminal pins were marked and holes were drilled 
(3/16 inch, 0.48 cm). 

Terminal pins were cleaned with toluene and tinned with rosin core 
solder. The pin shafts were coated with epoxy (50 Epon 828/50 Versamid 
125) cuid pressed into the holes using etn arbor press. 

The cell stringers were cleaned with methanol/toluene, emd again with 
methcuiol, euid soldered into place on the substrate. 

2 . Encapsulation 

The edges of the phenolic substrate were fitted with L-shaped alximi- 
num walls lined with glass-reinforced Teflon film for release from the hot- 
melt pottant after fusion. The walls were held in place with masking tape 
and the substrate then preheated for 30 minutes in a 150°C air oven. 

QR-667 was cut into 15-20 gram pieces and arranged in a uniform dis- 
tribution on the preheated substrate. The module was transferred to a 
150°C vacuum oven for 2 hours to permit deaeration and flow of the QR-667. 
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3. Cover Film Application 

The application of the acrylic film is similar to the previously 
% described systems. 

The walls were removed from the module and the surface of the QR- 
667 was mated with 1.1 to 1.5 graias of Volatile Silicone 7158. The film 
was then laminated to the surface of the QR-667 using light pressure to 

# 

express any trapped air and silicone. The film was trimmed, with the 
excess being folded under and bonded to the stibstrate. 

The assembly was transferred to a 100*^0 oven for 15 minutes, then 
^ r^noved. Any trapped air or silicone was r^noved by puncturing the warm 

film with a needle axA e^^ressing air and fluid with slight pressxire. 

The adhesive quality of the pottant then held the cover in place. 

9 C. Cost of Materials 


The following 
and projected, for 


tabulation presents construction costs, both present 
the Acrylic/Rhenolic module system: 
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Using the present design, the system cost is $1.32 per square foot 
(styrene/maleic copolymer substrate) . The following design modifica- 
tions are proposed to overcome the limitations in^osed by the high cost 
($1.40/pound) of the QR-667 acrylic hot melt: 

1. Use of less expensive Elvax 150 (5-mil pads) under 
the cells in place of QR-667. 



2. Use of an injection-molded, inexpensive polymeric 
filler £u:ound the cells. 

The material of choise for filler is polystyrene. A grade incorpor- 
ating UV absorbers could be obtained for 28 cents per pound. The design 
would utilize the filler at a thickness of 28 mils around the cells. QR- 
667 would then be flowed over the assembly to a thickness of 10 mils over 
the cells and 3 mils over the filler. 

This 1986 projected design could be constructed for 11.7 ce.i.s per 
square foot, not including substrate material. This leaves a substrate 
price of 13.3 cents per square foot, a reasonable cost for a wood-based 
material, to bring the entire system within the LSSA goal figure. 

Fabrication of Single Modules 


Single modules of each of the following descriptions were fabricated 
cuid submitted to JPL for demonstrations purposes only. 

. A8145-1 - EPDM on Vinyl Liner on Honeycomb Support 

Norfield Company kindly provided samples of a heat-expanded styrene 
honeycomb t/pe structure. A clear EPDM (ethylene propyxene diene rubber, 
Nordel 1320) formulation developed previously was modified with a lower 
ten^erature peroxide for 150®C cure. The assembly consisted of: 

. EPDM (50-mil) 

. Cells primed with Union Carbide A-174 silane 

. EPDM (20 -mil) 

, Vinyl (B. F. Goodrich Compound 86781) (20-mil), 

coated with Goodyear Pliobond 8004 
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Epoxy 

. Norfleld honeycomb (pigmented polystyrene) 

The cell assembly was cured at ISO^^C before bonding to the honey- 
comb. A B-48 acrylic film containing the UV absorber was utilized for 
outdoor aging. 

Known problems with this assembly include: 

1. The adhesives and primers utilized are marginal for EPOM. 

2. The vinyl yellows in contact with the peroxide-containing 
EPOM. 

3. The vinyl warps somewhat during the bake cycle. 

. A8146-2 - Flexible Polyester on Plywood 

A flexible polyester, U. S. Steel Laminae 4134, was flexibilized 
further with butyl acrylate monomer to serve as the pottant {withstood 
the impact of a 3-foot drop of a 16-gram steel ball at -20°C) . The assem- 
bly -onsisted of: 

. UV-stabilized Acryloid B48N cover film coated with 
Pliobond 8004 

. Flexible polyester 

. Cells primed with Union Carbide A-174 

. Flexible polyester 

. Plywood pr'ned with Hughson Chemlok 607 

The assembly was cured at 100°C and the cover film applied and shrunk 
on at 100°C. Known problems with this assembly include: 

1. The polyester cracks in thick sections. The present 
polyester should only be used thin, or in conjunction 
with filler board (described in the next section) . 

Modification of the polyester may also be possible. 

2. Adhesion to the cells is marginal. 
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. A8147-3 - Crosslinkable Acrylic on Hardboard 

Rohm & Haas QR-667 soft acrylic was mill-compounded with di- and . 
trifunctional monomers, peroxide, antioxidant, and UV screening agent. 

It was found that glycol dimethacrylate - e.g., Rohm & Haas X-970 - gave 
a fast, tight cure; but the pot life at 150®C was insuffi lent to permit 
deaeration. Triallyl isocyanurate gave adequate pot life for deaera- 
tion and c'red in 2 hours. A t-butyl perbenzoate (peroxide) level of 
0.4 percent did not effect good cure, but 0.8 percent was adequate. 

The filler board concept was introduced at this point. The filler 
board displaces much of the acrylic and lowers the cost. A Mead Pan- 
L-Board was cut for nine cells with a flycutuer. The terminal pins in 
the hardboard were countersunk to avoid interference wiiih the filler. 

The cells were aligned, bonded to the siibstrate, and the filler board 
bonded into place. Otherwise the assembly procedures were similar to 
those previously described. 

The assembly consisted of: 

. UV-stabilized Acryloid B48N cover film 

. Crosslinkable acrylic/filler board (dried) 

. Cells (cleaned) 

. Epoxy (35/65, Epon 828/Versamid 125) 

. Sanded hardboard (Masonite Corporation) (dried) 

The acrylic was flowed ou*. and deaerated at 150®C vinder vacuw, 
then cured under nitrogen for 2 hours (150°C) . The cover film was ap- 
plied and shrunk on at 100°C. No immediate problems were encountered. 

. A8148-4 - Aliphatic Urethane on 

Filled Styrene Copolymer Board 

The assembly consisted of: 

. Quinn Q-621/Q626 two-part aliphatic urethane 
Filler board - Dylark 232 

. Cells (cleaned) 

. Epoxy/Versamid 125, 35/65 
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• Dylark 232 (styrene-maleic) milled with calcium 
carbonate (70/30), molded into 12" x 12" x 0.25" 
substrate 

The Quinn material was mixed at j-ocxn temperature, deaerated, poured 
onto the cells, deaerated, and cured at lOO^’c. A B48N cover film is 
recommended for outdoor use. 

Probl^ns en.:oontered are: 

1. The Quinn materieUL is slow to deaerate, but additive 
should overcome this probl^. 

2. Vhe Dylark was tried for a ISO^C cure pottant, but 
viarped. Use of Oyxark is confined to approximately 
100®C process' 
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iaspaction could be used to evaluate this con^iound since it is not 
sufficiently manageable to ptt in a spectrometer or Instron macdiine. 

Tables 4>14 thxou^ 4-16 tabulate the results of epical trans- 
mission and me^anical properties of the polymers after es^sure to 
three conditions; 6 months - Florida - fixed angle, 4 months EMHAQOh 
and 8 months ENMhQQh. These pre^rties are further cos^^ared to 
weather-o-meter and RS-4 sunlang; exposures in Tables 4-17 through 
4-19. 

The most consis" 3nt loss of properties was noticed for PVB. 

Every test specin^ in every condition flowed to an unrecognizable 
mass that covtld not be tested. The light yellow color of the melted 
polymer suggests that degradation has also occurred. Experiments 
conducted by the manufacturer (Monsanto) are in agreement with our 
results, and they indicate that em oxygen AlV syneirgism occurs that 
degrades this cempound rapidly. The exclusion of air is the reason 
why PVB becomes stable and functions successfully as a safety glass 
interlayer. nonsaa*.a insists that this product (Saflex PT-10) is 
not intended for outdoor use in nonlaminated constructions. 

Consistent results were also (Stained with the Q3-6527 dielectric 
gel. All specimens retained high optical clarity (visual inspection) 
emd showed no signs of discoloration. Btdables, however, formed in all 
specimens, usually along the edges of the cell but occasionally form- 
ing long trails through ^he center. This effect may possibly be the 
result of shrin)cage due to continued polymerization during the ex- 
pcT-re period. Onexposed control specimens developed the same dif- 
ficulty. 

A comparison of optical transmission values (Table 4-19) reveals 
the most stable materials retaining over 80% of the original property 
ekxe Halau:, Plexiglas DR, FEP, KEL-F and Plexiglas V-811. As may be 
expected, these are fluorocarbons and acrylics. Sylgard '<84 silicone 
rubber would have performed well except for dust retention on the 
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surface vAiich reduced the transmission by about 50 percent. Tedlar 
film produced poor results, losing 60 percent or more of its trems- 
mission in all conditions. Cellulose acetate-butvrate (Tenite 479) 
either melted or broke in all exposures except EMHAQOk, 4-month. 

The transmission retained was still only 48 percent of original. 

Tensile test specimens surviving the 4-month EHHAQQh exposure re- 
tained less than one percent of the original elongation and 18 per- 
cent -yf the original tensile strength. 

Most of the other polymers maintained their tensile strengths 
well during outdoor aging. The only conspicuous losses occurring for 
Sylgard 184 and Plexiglas V811, idiiidi decreased an average of 40 per- 
cent under the Florida and EHHAQQh conditions. RS-4 fluorescent sun- 
lamp e:q>osure is a much more severe condition in cenpeurison. Plexigl6is 
DR, almost unaffected by the outdoor exposures, lost 72 percent tensile 
strength after 240 days' e^^sure. 

Ultimate elongation values (Table 4-17) did not decrease par- 
ticularly badly except for Lexan which dropped by more than 80 percent. 
Elongations after RS-4 exposure were noticeably more affected, Plexiglas 
DR losing 94 percent of original and Plexiglas V811 decreasing by 70 per- 
cent. 

Variations in mechanical properties versus tonperature were also 
part of the original endeavor to characterize material performance. 

Tables 4-20 through 4-23 present the measuraoents of tensile strength, 
elongation at break, tensile modulus, and yield strength for twelve 
polymers at six t^peratures between -20<’C cuid -fSO^C. Generally, tensile 
strength emd yield strength can be seen to decrease with increasing 
tenperature, while modulus and ultimate elongation show considerable 
variation, depending on the material and tenperature. The increase 
in modulus of the two silicone rubbers at higher temperatures is possibly 
due to the activation of residual polymerization mechanisms. 
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General conclusions dravni from inspection of the data obtained 
to date indicate that the three outdoor conditions are less severe 
than weather-o^neter and mu^ less severe than fluorescent sunlan^. 

Both acrylic con^unds, particularly Plexiglas DR weather well, main- 
taining ^ysical and optical properties. Lexan loses mechanical 
strength but retains optical properties. Tedlar undergoes severe 
optical tranaaission loss, but retains physical strength. The fluoro- 
carbons, as usual, are the most weatherable. 

It is too soon to draw an^ definite conclusions, but it is helped 
that the EJOiAQOA ei^riments euid information resulting from the other 
accelerated test n»thods can eventually be eissembled into a coherent 
presentation from idiich positive correlations may be drawn. Conclusions 
resulting from this study may be valixable in the future for the rapid 
selection and evaluation of candidate encapsulation materi2ds. 
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COMCLDSICaiS 
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1. The flat-plate module construction is assumed to be the most effi- 
cient collector surface. 

Based on the assumption, nine design variations were considered 
from which three basic types could be visualised: Substrate bonded, 

superstrata bonded and laminated. All designs use one or more of 
six construction elements in their fabrication. These construction 
eluents 2 ire: substrate, superstrata, pottant, adhesive, outer 
cover, back cover. 


2 . 


The results of materials surveys were useful in generating first- 
cut estimated cost allocations for each construction element, which 
are: 


Construction Elaaents 

Substrate/Superstrate 

Pottant 

Adhesive 

Outer cover 

Back cover 


Cost 

Allocation 

($/Ft^) 

0.14 

0.06 

0.04 

0.01 

0.05 


3. Six commercially available trainsparent polymers suitable for use 
as pottants have been identified (Table 3-5) with encapsulation 
costs from $0,017 to $0,089 per square foot. With the exception 
of the acirylics, these materials all have the common deficiency of 
being sensitive to and degraded by ultraviolet light. Successful 
use will therefore depend on adequate UV screening. 


Four compounds are of major interest at this time: ethylene- vinyl 
acetate copolymer (EVA) , ethylene-propylene rubber (EPR) , polyvinyl 
chloride plastisol (PVC) , and acrylic hot-melt compounds. 


V\.^\ 
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Coefficients of linear thermal expansion were measured for thir- 
teen polymers euid found to be eight to sixty times that of sili- 
con. Thermal cycling will obviously cause stresses to form at 
any polymer/cell interface. The encapsulant material must there- 
fore be of sufficiently low modulus to accommodate ea^ansim 
differentials. 

Of the transparent superstrate materials examined to date, glass 
is still the most cost-effective option at a calculated cost of 
$0. 29/ft. ^ 


2 

In terms of the 1986 encapsulation target of $0. 25/ft. encap- 
sulation cost, acrylic polymers will not be recommended for 
structxired. load bearing functions. Based on wind deflection 
loads, the thickness required for either is 0.315 inch - which, 
at a resin cost of $1.42 per pound, calculates to $1.77 per 
square foot. This figure exceeds the current cost allocation 
by a factor of seven. 

In the survey of substrate materials examined to date (wood, 

glass, plastics, metals) , composites of wood and paper products 

st6uid out as tne most promising and cost-effective candidates. 

The high strength- to-weight ratio, known technology, and renew- 

ability of raw materials make wood products attractive. A cost 

2 

in the order of $0. 12/ft (particle board) makes this class of 
materials the least expensive yet found. 

Upgradin'! the ultraviolet stability of various polymers in this 
program by internal compounding has been successful primarily in 
terms of improving optical characteristics. Mechanical properties, 
however, show little, if any, improvement in performance. 

The ability to f>_.nnulate ultraviolet screening coatings of low 
cost has been demonstrated. Using solution acrylic polymers 
(Rohm & Haas, Acryloid series) as vehicles, coatings of one mil 
thickness were found to have low, and in several cases zero, per- 
.c transmittance in the range of 290-350 rim. The cost of these 
costings was in the order of $0.01 per square foot per mil. 
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The efficiency of the OV-Acryloid coatings has been demonstrated. 
Coated specimens of polypropylene survived approximately fifteen 
times the exposure dose of RS-4 radiation over uncoated control 
specimens, primary failure mode appears to be delamination 

of the coating from the polypropylene. 

The plasma spray process has not been successful on the trial 
module encapsulations atten^ted so far. Cell fracturing and 
solder melting have been the predominant modes of failure. The 
process is in its infancy, however, and does dmaonstrate the potential 
to be of use in futvire phases of the LSSA project. 
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6 . SBCX)HMENDATIONS 





1. Hetu<K«3 for upgrading the UV and weathering resistance of low- 
cost transpsirent polymers, while retaining clarity, need 
(mq^iasis. 

Through the use of appropriate coatings and stabilizers, UV 
sensitive polyiuers previously considered unusable may become 
viable pottants. 

Protective coatings must have three basic properties: ultraviolet 
screening, soiling resistance, and mechanical flexibility. 

It is recommended that acrylic formulations, including solvent 
based and latex types, be investigated further as vehicles 
for DV absorbing agents. 

2. The most inherently weatherable materials identified to date are 
fluorocarbons, silicones, glass, and acrylics. Acrylics are the 
only weatherable polymers showing potential as pottants due to their 
low cost and projected processability. Currently, no commercially 
available acrylic elastomer exists that is suitable for use due to 
the excessively high modulus. Some hot-melt adhesive acrylics are 
soft enough to provide stress relief, but the absence of crosslinking 
causes high creep and lack of resiliency. The development of a clear, 
processcd>le and crosslinkable acrylic elastomer is recommended. 

3. It is recommended that a critical analysis of adhesive characteristics 
of specific encapsulation systems be performed. This study would 
include optical transmission and variation in bond strength of la- 
shear specimens with respect to ultraviolet exposure, Weather-Ometer 
exposure, water immersion, etc. Additionally, field testing of 
adhesively bonded experimental modules should be used to evaluate 
final selections. 

4. Due to the proportionally high cv.st of substrate materials, emphasis 
needs to be placed and investigation of honeycombs, cellular structures, 
and other design concepts aimed at very high strength-to-weight and 
cost-effective structures. 
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7. future activities 


I V r i j 



1. Reporting and correlation of mechanical and optical properties of 
polymer specimens initially selected at the onset of this program 
and exposed to a variety of aging conditions. Exposure modes to 
be included are: 

a. Weather-Ometer 

b. RS-4 Fluorescent Sunlan^ 

c. Fixed^Angle (45°S) e:q) 08 ure in Florida and Arizona 

d. EMMAQUA exposure at Desert Sunshine Expostire Tests, Inc. 

An evaluation of acceleration factors vdll hopefully result from 
this study. Thirteen polymers are being examined and are near 
completion of their designated e:q>osure times. 

2. Surveys will be continued to find materials appropriate for use 
for each one of the six Identified construction elements. 

3. A study of the cost effectiveness of structurally designed materi- 
als such as honeycombs and extruded cell structures demonstrating 
high strength-to-weight ratios will be conducted. 

4. Investigations will be continued into inexpensive, load-bearing 
wood product substrates to discover the most cost-effective com- 
positions. Useful contacts will come from con^anies such as 
Hexcell Corporation, Masonite Corporation, St. Regis Paper Company, 
and Forest Products Laboratory. 

5. A new class of siobstrates will be investigated based on resin-bonded 
inorganics and waste materials such as fly ash, ground corn cobs, 
slate dust, etc. 
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6. Outer cover formulations will receive enphasis in the oncoming 
year. These materials will serve to protect the underlying sub- 
strates and pottants and mtist demonstrate the following 
properties: 

a. Broad ten^erature flexibility, from -40°C to 
■<■90^0 (JPL specification). 

b. Resistance to soiling by wind-blown dust and dirt 
over the ten^erature remge mentioned. 

c. Highest possible transparency. 

d. High UV absorption from nonextractable additives. 

e. Closely matched coefficient of thermal expansion to 
underlying cos^sition. 

f. Amenability to automated coating process. 

7. Further investigations will be conducted to maximize the cost/per- 

toxmitce of the four basic low-cost potting materials: ethylene/ 

vinyl acetate, polyvinyl chloride (plastisol), ethylene/propylene 
rubb''r, and acrylic cr '.ymer. 

8. Because of the inhere.i v high weatherability of acrylics, an ex- 
perimental research and development program will be aimed at the 
creation of a transparent, pourable, room- temperature cure acrylic 
potteuit. This material may be formulated to have processing char- 
acteristics similar to Sylgard 184 silicone rubber. 

Commercial materials will be examined first, then modified ccm- 
mercial confounds, then synthesized compositions. 

9. Soleur cells fracture from thermal excursions when encapsulated in 
very hard materials due to the lack of stress relief. E riments 
will be conducted to determine the limiting modulus of the potting 
material to prevent cracking. 
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Various automatab' o processing methods will be investigated and 
used for actual construction of miniature solar modules. 

Miniauure modules will be built according to JPL design speci- 
fications using materials, processes, and techniques identified 
fron previous surveys and experiments. The modules will use 
realistic construction methods and accvurately represent the 1986 
cost goals of $0.25/ft^. I/V power curves will be provided by 
Solar Power Corporation before and after encapsulation. 








Transparent Plastics Survey 
Materials Under 50 Cents/Pound 
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Materials Under 50 Cents/Pound 
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TABLE 3-2 (Continued - 2) 
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TABLE 3>5 

Host Promising Transparent Polymers 
for 1986 Encapsulation Pottants 


Polymer 

Cost 

($/U>) 

(a) 

Upgrading 
Potential 
in Years 

Encapsulation 
Cost ($/Pt2) 



10 

D 


• Casting Polymers 
Acrylic Hot Melts 

1.50-1.65 

G 

G 

0.083 

Polyvinyl Chloride 
Copolymer Plastisol 

0.50-0.60 

G 

F 

0.036 

• Solid Polymers ( 
Acrylics 

Low Temperature) 
1.30 1 G 

G 

0.053 

Ethylene/Vinyl 

Acetate 

0.50 

G 

F 

0.027 

Ethylene/Propylene 

Rubber 

0.50 

G 

F 

0.029 

Plasticized Polyvinyl 
Chloride Copolymer 

0.30-0.40 

G 

F 

0.024 


(a) 6 B Good, F « Fair, P • Poor, based on use of a 

UV-absorbing outer cover, emd UV upgrading of 
the polymer from internal compounding. 


(b) Fill plus 0.005'inch coverage 
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TABLE 3-6 


Linear Thermal Expansion 
ASTH 0696 


Resin 

(In./in./cO) X 10“^ 

Coatinqs/Encapsulants 


Halar 500 

8.6 

Plexiglas 0R:>61 

9.3 

FEP 100 

11.7 

Tenite 479 CAB 

14.5 

Kel'P 6060 

7.0 

PFA 9705 

15.7 

Plexiglas V811 

6.3 

C'>4 Polycarbonate 

9.7 

Lsxan 111-123 

3.7 

Tedlar 

2.8 <*' 

Sylgard 184 

30.0 

RTV 615 

27.5 

Q3-6S27 Gel 

1.45 X 10"^ 

Solar Cel.s 


Silicon 

0.3-0. 7 

Solder 

2.5 


(a) Value submitted by manufacturer. 

(b) Cubical expansions cmVcm^/°C. 

(c) Handbook of Chemistry and Physics; 
Chemical Rubber Publication Company, 
30th Edition (19* ) . 
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TABLE 3-7 

Adhesive Cost for 5-Mil Glue Line 


Adhesive 

Cost 

($/lb) 

Density 

(lb/in.3) 

CostAol. 

($/in.3) 

‘ 

Glue Line 
Cost 
($/ft2) 
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1.12 
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0.034 
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0.0425 

0.044 

0.032 

. Silicones 





DC 732 

3.75 

0.037 

0.138 

0.099 

GE 580 

3,80 

0.038 

0.144 

0.103 

DC 280A 

3.94 

0.039 

0.152 

0.109 
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TABLE 3-8 (Continued 
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TABLE 4-1 


UV Stabilizers 


Trade Name 

Chemical Name 

Function 

Meuiufacturer 

Price 

($/Lb) 

• Benzophenone 

Uvinul 

400 

s - 

2,4-dihj’droxy benzophe- 
none 

UV absorber 

GAF 

6.70 

Ovinul 

D-49 

2 , 2 ' -dihydroxy-4 , 4 * - 
dimethoxy benzophenone 

UV absorber 

GAF 

12.40 

Cyasorb 

OV-531 

2-hydroxy -4-n-octoxy- 
benzopher.one 

UV absorber 

American 

Cyanamid 

4.80 

Pezmasorb-MA 

2- hydroxy-4- (2-hydroxy- 

3- methacrylyloxy) - 
propoxy-benzophenone 

UV absorber 

National 

Starch 

10.20 

. Benzotriazol 
Tinuvin 327 

es - 

2- (3 • , 5 • -di-t-butyl-2 ' - 
hydroxy phenyl ) -5- 
chlorobenzo triazole 

UV absorber 

Ciba 

Geigy 

9.75 

Tinuvin P 

2- { 2 ' -hydroxy-5 * -methyl 
phenyl) benzotriazole 

UV absorber 

Ciba 

Geigy 

9.25 

. Nickel Compl 
AM-105 

exes - 

Nickel bisoctyl phenol 
sulfide 

Excited state 
quencher 

Ferro 

3.85 

Cyasorb 

OV-1084 

{^2, 2' -thiobis (4-t-octyl 
phenolato)] n-butyl- 
amine Nickel II 

Excited state 
quencher 

American 

Cyanamid 

5.65 

Irgastab 

2002 

Nickel bis (jo-ethyl(3, 
5-di-t-butyl-4-hydroxy- 
benzyl)^ phosphate 

Excited state 
quencher 

Ciba 

Geigy 

a. 10 

. Acrylonitril 

UV Absorber 
340 

es - 

N- ((? -cyano- -carbo- 
methoxy vinyl) -2- 
methyindoline 

UV absorber 

Mobay 

i 

1 

10.99 


. . . Continued 















































Trade Name 

Chemical Name 

Function 

Manufacturer 

Price 

($/Lb) 

Acrylonitriles (Continued) - 

Uvinul Ethyl-2-cyano-3,3-di- 

N-35 phenyl acrylate 

OV absorber 

GAF 

8.10 

tJvinul 

N-539 

2-etb.yl hexyl-2-cyano- 
3, 3-diphenyl acrylate 

OV absorber 

GAF 

6.40 

. Benzylidene Malonates - 

Cyasorb (p-methoxybenzylidene) 

UV>1988 malonic acid, dimethyl 

ester 

OV absorber 

American 

Cyanamid 

12.60 

Cyasorb 

UV-3100 

(p-methoxybenzylidene) 
malonic acid, diethyl 
ester 

OV absorber 

Americ£m 

Cyanamid 

7.60 

. Benzoate I 
AM- 340 

Ssters - 

2 , 4-di-t-butylphfenyl- 
3 , 5-di-t-butyl-4-hy- 
droxybenzoate 

I 

Radical 

deactivator 

Ferro 

4.75 

Inhibitor 

BMB 

Resorcinol monobenzcate 

OV aibsorber 

Eastman 

3.47 

. Salicylates - 

Inhibitor p-octylphenyl sali- 

OPS cylate 

UV absorber 

Eastman 

Oiscon' 

tinned 

Salol 

Phenyl salicylate 

OV absorber 

Dow 

1 

2.15 

t-Butyl 

Salol 

4-t-butyl phenyl sali- 
cylate 

UV absorber 

Dow 

1 

3.60 

. Amine - 

Tinuvin 

770 

Hindered amine 

Radical 

deactivator 

i 

Ciba 

Geigy 

13.20 

i 













































TABLE 4-2 


Antioxidants 


Trade Name 

Cheatical Name 

Functions 

Manufacturer 

Price 

($/Lb) 

• Alkylated Mono-Phenols 

Free-radical 

scavenger 

Shell 

1.06 

lonol 

2 , 6-di-t-butyl-4-methyl 
phenol 

Irganox 

1076 

Octadecyl 3-(3',5'-di-t- 
butyl-4'-hydroxyphenyl) pro- 
pionate 

Free-radical 

scavenger 

Ciba-Geigy 

3.60 

Irganox 

1093 

0,0-di-n-octadecyl-3 , 5 , -di- 

t-butyl-4-hydroxybenzyl 

phosphonate 

Free-radical 

scavenger 

Ciba-Geigy 

6.70 

. Alkylated Bis-Phenols 

Free-radical 

scavenger 

American 

Cyanamid 

1.81 

Cyanox 

2246 

2 , 2-methyl sne bis-(4-methyl- 
6- t-buty Iphenol ) 

Santonox R 

4,4' -thiobis- ( 6-t-butyl 
metacresol) 

Free-radical 
scavenger; 
peroxide de- 
composer 

Monsanto 

3.40 

Irganox 

565 

2, 4-bis (n-octylthio) -6- (4- 
hydroxy- 3 , 5-di-t-butyl 
anilino ) -1 , 3 , 5-triazine 

Free-radical 
scavenger; 
peroxide de- 
composer 

Ciba-Gcig:i' 

(a) 

Santowhite 

4,4' -butylidene bis (6-t- 
butyl m-cresol) 

Free-radical 

scavenger 

Monsanto 

2.27 

. Alkylated 

Good-rite 

3125 

PolY-Phenols 

3 . 5- di-t-butyl-4-hydroxycin- 
namic acid triester with 1, 

3.5- tris(2-hydroxyethyl) tri- 
azine-2 , 4 , 6-trione 

Free-radical 

scavenger 

Goodrich 

5.00 

Irganox 

1010 

Tetrakis methylene 3-(3’,5'- 
di-t-butyi-4' -hydroxyphenyl) 
propionate ] meth^me 

Free-radical 

scavenger 

Ciba-Geigy 

5.40 

Antioxidant 

330 

1,3, 5- trimethyl-2 , 4 , 6- tr is 
( 3 , 5-di-t-butyi -4-hydroxy 
benzyl) benzene 

Free-radical 
scavenger 
J 

Ethyl 

5.30 


(a) Development product 


A-41 


. . .Continued 

I 







Trade Name 


Chemical Mame 


• Alkylated Poly-Phenols (Continued) 


Topanol 

CA 


CAO-30 


3:1 condensate of 3-methyl- 
6-t-butylphenol with cro- 
tonaldelhyde 


Ifl'-thio bis(2-naphthol) 


Cyanox 

LIDP 


Cyanox 

STOP 


C'anox 

711 




Dilaurylthiodipropionate 


Oistearylthiodipropionate 


Ditridecylthiodipropionate 



Polygcri 


li^ytox 438 


Weston 

618 


Polymeric phosphite 


Di(stearyl) pentaexythrit^l 
diphosphite 


Agerite Sym. dibetanaphthyl-p- 

White phenylenediamine 


N,N’-diphenyl-p-phenylene 
JZF , • 

dranane 

Miscellaneous Metal Deactivators 


CHEL 130 


:?ropriet 2 ury 


MsurK 

Proprietary triazole 
Pi thiocar hamate 

Ethyl , 2iac diethyldi thiocar hamate 
ZXlHBtQ I 


1 

Functions 

Manufacturer 

Price 

(S/Lb) 

Free-radic 2 d 

scavenger 

ICl 

3.89 

Free-radical 

scavenger 

Ashland 

3.00 

Peroxide 

decomposer 

American 

Cyanamid 


Peroxide 

decomposer 

American 

Cyanamid 

1.33 

Peraxide 

deccxoposer 

American 

Cyanamid 

0.96 

Peroxide de- 
con^ser and 
metal deacti- 
vator 

Dniroyal 

0.62 

Same 

Stepan 

0.66 

Same 

Borg-Warner 

2.45 

Free-radical 
scavenger; 
copper in- 
hibitor 

Vanderbilt 

2.59 

Same 

Uniroyal 

2.07 

Metal 

deactivator 

Ciba-Geigy 

6.75 

Same 

Argus 

11.70 

Peroxide 

decomposer 

Vanderbilt 

1.06 

1 


^ A. A 


A *42 









































TABLE 4-3 


UV Upgrade - Hardness 

ASTM D-2240 - Shore A and D 


Base 

Resin 

Serial 

Number 

l^grade 

Formula 

Control 

Weather- 
Qmeter 
120 Days 

RS-4, 55®C 
120 Days 

Lexan 

9030- 
112 (Y) 

9030 

D 70/69 

0 74/68 

D 69/66 

Lexan 

4852A 

A 

D 70/69 

D 72/66 

D 69/66 

Lexan 

4852E 

B 

D 68/67 

D 80/75 

D 71/66 

CAB 

48S8A 

485 

D 53/52 

D 62/57 

D 59/54 

CAB 

48S2B 

A 

D 57/54 

D 54/58 

D 61/56 

CAB 

48536 

C 

D 61/59 

D 68/63 

D 52/48 

V-811 

48S7I 

0VA5 

D 72/71 

D 70/65 

D 74/67 

V-811 

4852D 

A 

0 68/67 

D 72/65 

D 73/67 

V-811 

4853H 

C 

D 71/69 

D 74/64 

D 74/68 

C-4 

48531 

C 

D 71/69 

D 71/66 

D 68/62 

C-4 

4852F 

B 

D 69/68 

D 70/66 

D 69/63 

C-4 

48S2C 

A 

D 67/65 

D 68/53 

D 68/62 

DR61 

4854A 

A 

D 71/69 

D 70/66 

D 71/64 

DR61 

4854C 

B 

D 71/69 

D 69/63 

D 73/66 

DR61 

48S4B 

C 

D 61/69 

D 70/65 

D 71/67 


A-43 
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Melted/flowed NT » Not tested 
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UV Upgrade 

Mechanical Property: Elongation, Percent 

stabilized Vs. Unstabilized Materials 
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TABLE 4-13 

Ultraviolet-Absorbing Coatings 

(Based on Rohm & Haas Acrylics) 


Formula 

A-6693- 

(a) 

Acryloid 

Number 

(b) 

Absorber 

m 

(d) 

Optical Transmission 

(e) 

Cost 


uv 

290-350 nm 

Visible 
350-800 nm 

$/lb 

(Dry) 

$/ft2/ 

mil 

1 

B-44 

Ovinul 400 

2 

6 

81.7 

1.248 

0.0076 

2 

B-44 

Ovinul 400 

5 

2 

79.4 

1.415 

0.0086 

3 

B-44 

Tinuvin-P 

2 

3 

79.9 

1.299 

0.0079 

4 

B-44 

Tinuvin-P 

5 

0 

71.7 

1.542 

0.0094 

S 

B-72 

Ovinul 400 

2 

11 

83.7 

1.368 

0.0083 

6 

B-72 

Uvinul 400 

5 

3 

83.1 

1.532 

0.0093 

7 

B-72 

Tinuvin-P 

2 

5 

82.7 

1.419 

0.0086 

8 

B-72 

Tinuvin-P 

5 

0 

81.6 

1.659 

0.0102 

9 

B-82 

Ovinul 400 

2 

9 

83.5 

1.200 

0.0073 

10 

B-82 

Uvinul 400 

5 

! 

1 

82.6 

1.368 

0.0083 

11 

B-82 

Tinuvin-P 

2 

1 

82.8 

1.251 

0.0076 

12 

1 

B-82 

Tinuvin-P 

5 

0 

82.1 

1.495 

0.0092 

13 

B-44 

Pernu jb-MA 

5 

5 

83.0 

1.590 

0.0097 

14 

B-44 

Permasorb-MA 

10 

1 

1 

1 

80.8 

2.043 

0.0125 

15 

B-72 

1 

Permasorb-MA 

b 

9 

80.0 

1.707 

0.0104 

16 

B-72 

Pennasorb-MA 

10 

2 

82.0 

2.154 

0.0132 

17 

B«82 

1 

Permasorb-MA 

5 

2 

81.8 

! 



18 

B-82 

1 

Permasorb-MA 

10 

0 

80.8 

I 1.999 

; 0.0122 


(a) Solution acrylic coatings 

• (b) Absorber dissolves in acrylic solution by stirring at 

60^C for 20 minutes. Formulations also contain 1% 

Cyasorb OV-1084 quencher for additional stability. ...Continued 
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TABLF 4-13 (Continued - 2) 


Formula 

A-6693- 

(a) 

Acryloid 

.<iuinber 

(b) 

Absorber 

(c) 

Level 

(phr) 

(d) 

Optical Transmission 

(e) 

Cost 

OV 

290-350 nm 

Visible 
350-800 nm 

$/lb 

(Dry) 

$/ft^/ 

mil 







OV-40 

Saflex 

Proprietary 

? 

0 

75.2 

- 

- 

BG30-OT 

Tedlar 

Proprietary 

? 

0 

90 ^ 

6.75 

0.0482 

UV-X 

Llumar 

Proprietary 

? 

0 

00 

00 

6.50 

0.044 


(c) phr = Parts per hundred pcurts resin, based on solids content. 

(d) Integrated transmissions on 1-mil films. 

(e) Based on assumed average density of 1.18, or 0.0426 Ib/in.^. 

(f) Based on memuf acturer ' s data for this film. 
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TAB LE 4-14 

Florida, Fixed Angle, 45*^ South 
Timet 6 months 

Langleys: 66,679 Exposure Testing 














































































Langleysi b03,340 Timet 4 Months 
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TABLE 4-lB 
Exposure Testing 
Tensile Strength Comparison 



rri'±^ 
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Propar^y: Ultimate Tensile Strengtli (psi) 

ASTM D-638 


Resin 

Manufactiirer 

Temperature 

-20°C 

0°C 

23°C 



S0°C 

Kalar 500 

Allied 

8180 

8470 

8405 

6015 

5900 

4950 

Tedlar 20 

DuPont 

15,145 

13.705 

12,510 

8060 

7890 

7785 

Plexi DR-61K 

Rohm & Haas 

- 

7705 

5525 

4355 

2985 

2300 

FEP-100 

DuPont 

5275 

4950 

3860 

3295 

2070 

1725 

Tenite 479 

Eastman 

- 

5070 

4695 

3555 

3230 

2165 

Sylgard 184 

Dow Corning 

505 

520 

450 

380 

340 

315 

RTV 615 

G.E. 

775 

510 

460 

570 

405 

730 

Kel-F 6060 

3H 

8825 



4150 

3200 

3025 

PFA 9705 

DuPont 

4600 

4615 

4030 

3010 

3430 

2680 

Plexi V-811 

Rohm s Haas 

- 

5925 

9135 

8240 

5745 

4225 

Viton A-HV 

DuPont 

3060 

j NB^** 

NB^*^ 

115 

90 

C-4 Polycarbonate 

Union Carbide 

- 

6675 1 5365 

4455 

3800 

3035 


(a) No break; elongation exceeds machine capacity. 
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TftBLE 4-21 

Mechanical Property /Tempera tore Variation 

Property: Yield Strength (psi) 


Teoiperat\ire 


Resin 


Halar 500 


Tedlar 20 


Plexi 0R-61K 


Tenite 479 


Sylgard 184 


RTV 615 


Kel-F 6060 


PFA 9705 


Plexi V-811 


Viton A-HV 


C-4 Polycarbonate 


Manufacturer 


-20®C 


7835 


9790 


Allied 


DuPont 


Rohm S Haas 


DuPont 


Eastman 


Dow Coming NY 


G.E. 


3M 


DuPont 


Rohm & Haas 


DuPont 


Union Carbide 


0®C 

23®C 

40°C 

60°C 

80°C 

8145 

5355 

3780 

2550 

1495 

9460 

6140 

3835 

2875 

2200 

(a) 

8200 

6100 

4865 

i 

2805 

! 

2390 

2590 

2145 

1665 


970 

5270 

43' 

3090 

2305 

1650 

NY 

NY 

NY 

NY 

NY 

MY 

NY 

NY 

NY 

NY 

1 

8h75 

5570 

3990 

2615 

1770 

2530 

1860 

1730 

13Z?> 

1055"=’ 

NY 

NY 

NY 

6525 

5250^*^^ 

NY 

330 

185 

NY 

NY 

NY 

5480 

4740 

3915 

3285 


(a) Two sauries yielded; one sample had no yield. 

(b) Pseudo yield point 

(c) Two samples had no yield; one sample yielded. 


NY = No Yield 















































































TABLE 4-22 

Mechanical Property/Temperatxire Variation 

Property: Modulus x 10^ psi 

ASTM D-638 


Resin 

Manufacturer 

Halar 500 

Allied 

Tedlar 20 

DuPont 

Plexi 0R«61K 

Rohm & Baas 

FEP-100 

DuPont 

Tenite 479 

Eastman 

Sylgard 184 

Dow Coiming 

RTV 615 

G. E. 

Kel-F 6060 

3M 

PFA 9705 

DuPont 

Plexi V-811 

Rohm & Haas 

Viton A-Hl’ 

DuPont 

C-4 Polycarbonate 

Union Carbide 


Temperature 


-20°C 


1.64 


0.94 


(a) Secant Modulus, Figures shovm indicate psi x 1.0 at 50 percent elongation 


j 1 I, 



0°C 

23®C 

40°C 

60°C 

80°C 

2.50 

1.50 

1.30 

0.91 

0.24 

0.80 

3.21 

1.50 

0.68 

0.38 

1.28 

2.90 

2.35 

1.35 

1 

1.10 

0.20 

0.62 

0.49 

0.38 

0.18 

3.76 

1.73 

1.38 

1.06 

0.19 

120 

230 

330 

270 

335 

60 

160 

210 

i 

275 

310 

0.24 

1.13 

1.05 

0.32 

' 0.20 

0.19 

0.49 

0.44 

0.39 

0.19 

1.20 

» 

4.98 

4.60 

3.49 

2.36 

375 

260 

230 

175 

160 1 

1 

6.22 

2.25 

2.65 

2.25 

2.16 

i 
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TABLE 4-23 

Mechemical Property/Temperature Variation 

Property: Elongation at Break (%) 

ASTM D-638 


Resin 

Mamufacturer 

Halar 500 

Allied 

Tedlar 20 

DuPont 

Fieri 0R>61K 

Rohm & Haas 

FEP-100 

DuPont 

Tenite 479 

Eastman 

Sylgard 184 

Dow Coming 

RTV 615 

G.E. 

Kel-F 6060 

3H 

PFA 9705 

DuPont 

Plexi V-811 

Rohm & Haas 

Vi ton A-HV 

DuPont 

C-4 Polycarbonate 

Un. on Carbide 


Temperature 


-20°C 


285 


200 




0°C 

23°C 

40°C 

290 

275 

265 

220 

155 

140 

20 

25 

45 

690 

330 

310 

60 

80 

75 

210 

110 

70 



110 

80 

175 

180 

540 

280 

255 

20 

5 

5 


30 50 45 60 


60°C 

80°C 

365 

445 

135 

160 

90 

150 

295 

225 

100 

95 

85 

65 

100 

110 

280 

310 

325 

365 

10 

15 

185 

70 

60 

75 


(a) Slorgatio*' <»xceeds machine capacity 


A-64 





























































































